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Abstract

We focus on the link between networks and economic outcomes, study how networks
affect different groups differently and in the process provide pathways to reinforce
existing inequalities. First, we establish the link between the economic well-being
and the network structure of US counties. We show that counties that are rich with
long ties, those bridging different communities, have better outcomes over a range
of economic indicators. Subsequently. we study the determinants of long ties and
find that they are more frequent if the individual has experienced disruptions such as
mobility, migration or switching schools throughout their life. Our findings suggest
that creating and maintaining long ties require special skills that co-occur with the
above mentioned life events.

Second, we provide observational evidence for differential network advantages in
access to information: higher status individuals receive higher marginal benefit from
networking. We attribute this phenomena to unequal diffusion due to network ho-
mophily and provide causal evidence for it in the context of a randomized seeding
experiment in networks.

Third, we develop a network model that captures the structure of unequal diffusion
or access to opportunities. We show that any departure from the uniform distribution
of links to information sources in a group has both first order and second order effects.
Not only some individuals will have fewer direct links, but also the whole group will
have fewer diffusion paths to the information sources.

Finally, we examine the network mechanisms that widen inter-group differences.
We study an information sharing game, in which individuals have to compete for a
rivalrous resource over repeated rounds. The equilibrium predicts lower cooperation
among lower status agents, which leads the whole group to receive a “a smaller share
of the pie”. We further validate this prediction in an online lab experiment.

We hope that our findings contribute to the growing literature around the network
origins of persistent inequality. Our findings suggest that policies that target groups
rather than individuals are more successful in combating inequality as the benefits
that arise from lifting a whole group out of poverty will be amplified by the existing



social capital and the feedback mechanisms present in the network.
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Chapter 1

Introduction

Inequality has been on the rise in the past few decades [67, [I3T] and as such has be-
come a renewed focus of social scientists. There is ample new evidence that inequality
has become increasingly persistent across generations affecting both individuals [5§]
and neighborhoods as a whole [152] 173]. Extensive studies have documented nega-
tive effects of inequality, on how it slows down growth and development [14] or affects
institutions [3]. Most researchers on the topic from the economic perspective address
macro-level phenomena such as technology and taxation as instruments that affect
and exacerbate inequality [7), [144], 150]. These works document how the wealth share
of top 0.1% was continuously declining from its peak in 1929 until 1979. But since
then the trend has reversed and their wealth share has more than tripled from 7%
to 22% in 2012. Comparative works against other industrialized nations which have
not experienced such a dramatic wealth inequality (e.g. France, Germany and Japan)
attribute this to declining tax rates on top income shares.

Sociologists on the other hand have focused on social processes that occur in so-
cial networks or organizations and lead to different outcomes for different groups,
hence creating inequality. Perhaps, one of the most influential recent works, albeit
by an economist, that emphasized the importance of network effects on inequality
is by Chetty and Hendren [57]. They showed that inter-generational mobility, while
limited to a great extent, varies greatly across the US and is correlated with less

segregation and more social capital [63]. These factors are both network phenomena
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and they determine a child’s chance of upward mobility and in aggregate have sig-
nificant consequences in terms of inequality. More recent work by the same authors
made the link to peer effects and exposure more explicit [56], in which they found
that moving to better neighborhoods at an early age improves the child’s chance of

upward mobility and increase their income on average.

The sociological literature has made important contributions to the study of net-
works and outcomes, which acts as the foundation for our argument on how networks
affect inequality. At its core, our argument rests upon the fact that economic action
is embedded in social settings [90], and therefore it is affected by unequal distribu-
tion of social resources. Sociologists such as Granovetter and Lin argued that any
analysis of economic outcomes without considering their social context is futile [91].
They showed empirically how network of peers plays an important role in economic
outcomes such as access to business opportunities [89] or status attainment [122, 123].
The foundational work by Granovetter [92] demonstrated that job search is embedded
in informal social networks and Lin showed that the prestige of the acquired job not
only depends on personal resources such as education but also on the social status
of the referral contact [120]. Later studies provided more nuance for network effects
and showed how specific, and in particular brokerage, positions in the network lead
to greater power, higher salary and status, more creativity, and control over flow of
information [34, 39]. Granovetter points out many social processes that can affect
economic outcomes, such as cultural norms or prevalence of trust (over incentives),
but the main channel and perhaps the most important one is that social networks

control the flow and quality of information to actors.

If social networks significantly affect the economic outcomes, a natural question
is whether they affect inequality, or the unequal provision of economic opportunities,
as well? and if networks do impact inequality, what are the mechanisms under which
they generate inequality? There have been several case studies documenting how
networks lead to unequal outcomes. A recent study in development economics inves-
tigated whether information about a new agricultural composting technology diffuses

at the same rate to male and female farmers in a village [20]. Seeding the information
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with the most connected individuals in the village network led to significant disadvan-
tages for women as they usually occupied the periphery of village networks and had
less access to well-connected nodes, hence information never reached them. Here we
have a situation in which one gender group is disadvantaged in terms of its network
or social resources, and the diffusion of valuable information, which often originates
from prominent individuals, in the network reinforces the existing gender inequality.
Network effects on gender inequality at workplace has received some attention mainly
from the management science. A prominent paper showed that within an advertise-
ment firm, men receive more career benefits from their networks than women, even
after fixing their position in the firm’s network [I0T]. The effect is attributed to the
fact that there are homophilous groups [129] within the firm’s network and men have
access to more resources. In this setting, it might be more beneficial career-wise for

women to form ties to their male colleagues, as also evidenced by Burt [33].

The differential network benefits and their effect on inequality is not limited to
gender groups. Networks can widen existing inequalities along any attribute. In
an interesting study, Laschever exploits the random assignment of WWI draftees to
circumvent the problem of endogenous group formation and to causally study the
effect of a network on the individual employment outcome [I17]. Findings suggest
that outcomes (employment rate) of one’s assigned group but not its characteristics
have a statistically significant effect on a veteran’s employment status. This finding
is in line with our argument above that networks act as the diffusion channel for
economic information and peer effects, at least in the economic context, mainly occur
through this mechanism rather other processes such as norms or influence that depend

on characteristics of peers.

Another recent study documented how children of slave holders were able to im-
mediately overcome the wealth shock experienced by their fathers due to abolition of
slavery after the civil war and reach their parents income position prior to the civil
war within one generation [5]. The resurgence of the children to wealth status of
their parents before the civil war was mainly due to extensive social resources in the

form of dense and exclusive network of favor exchanges and economic assistance that
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they inherited from their parents. The authors argue that the pattern of recovery was
similar to those of social networks in providing job information. This form of elite
persistence is also consistent with the argument of Acemoglu and Robinson that the
elite mainly rely on their de facto political power, in form of social capital and access
to networks, which remains intact despite a big shock to de jure political structure
[4].

Finally, DiMaggio and Garip treated migration as a diffusion process and by doing
so explained why certain villages in Thailand experienced mass migration to cities
whereas other villages remained intact |[71]. Migration is a social process in which
the presence of some contacts who have already migrated to the destination serves
as an information source and facilitates the migration of potential new migrants. If
two otherwise identical villages started with small differences in their rates of initial
migration, over time the network effect described above will amplify the initial differ-
ences causing them to follow diverging migration trajectories. All the aforementioned
papers share a common theme that there are two groups in the society, and one has
access to more valuable resources (e.g. economic information) which is shared and
retained within the group giving them exclusive access and more power. These ex-
amples highlight the importance of formulating a general mechanism how networks
contribute to inequality. The outcome of this mechanism is cumulative advantage
[73, 118], such that small individual differences get amplified by the network and

intensify pre-existing privilege of certain groups.

In search of a general network mechanism in regenerating or exacerbating inequal-
ity, three sets of authors heavily influenced our thinking. The following three papers
discussed various similar mechanisms for network effects on inequality at a theoretical
level. The model proposed by Calvo-Armengol and Jackson [41] and a similar later
model by Bolte, Immorlica and Jackson [28] attempt to provide a modeling perspec-
tive on why participation in labor force is very different between whites and blacks
[45]. Their work builds on the job search in networks literature [92], 123] and explicitly
models access to job opportunities through network of social contacts and referrals.

The persistent differences in employment status of agents arises from the simple fact
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that “the better the employment status of a given agent’s connections (e.g. relatives,
friends), the more likely it is that those connections will pass information concerning
a job opening to the agent” creating extra incentives to stay in the labor force. This
happens because if the contacts are employed themselves, the employment informa-
tion does not benefit them directly so they pass it on to their unemployed contacts.
In contrast, if contacts of an unemployed agent drop out of the labor market, the
prospect of a future employment for the agent decreases and as a result there will
also be less incentive for the agent to stay in the labor market. This information pass-
ing process along with the contagion in drop-outs lead to a correlation in employment
status of subgroups of densely connected agents. At its root, this network effect rests
on the homophily [105, 129] of workers by employment and future referrals, which

leads to clusters of fully employed or fully unemployed agents over time.

Furthermore, the model predicts that a small initial difference in employment
status of two otherwise identical subgroups translates into persistent advantage in
employment status and future income of one subgroup over the other, since higher
employment rates within a subgroup means new employment opportunities are gener-
ated more frequently within the group which get further amplified due to homophilous
nature of the group. The model also exhibits a stickiness behavior in employment
rate: if a group is at full unemployment, their state will be sticky due to reinforce-
ments by the network. In retrospect, Laschever findings [117] above suggested that
there were strong spill-over effects in economic status of connected veterans from
WWI. Groups were either employed or unemployed together indicating that policies
that target unemployment have the additional benefit that would propagate through

social networks.

In a separate theoretical paper, DiMaggio and Garip discuss a framework under
which individual advantages become multiplied by network advantages, hence exacer-
bating inter-group differences [72]. This mechanism relies on nuanced processes on the
network, such as social learning, higher trust or normative pressure but they all boil
down to network externalities that influence adoption decisions about a new beneficial

behavior. For example, adopting a new productive enhancing technology (e.g. agri-
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cultural composting [20]) improves one’s utility and its adoption is not only a function
individual endowments (e.g. education) but also the number of one’s contacts who
have already adopted the new technology. However, in most cases the individual char-
acteristics that increase the likelihood of adoption are correlated among connected
individuals in the network (e.g. networks are homophilous in terms of education). As
a result, individuals with higher initial endowment receive extra benefits from their
network of similarly endowed contacts, further increasing their likelihood to adopt.
This theoretical framework is mainly discussed in terms of new behavior adoption,
but one can replace behavior adoption with economic or employment information in
the framework and reach the Calvé-Armengol and Jackson model described above.
Both models rely on the assumption that some members start a with slight advantage
and such members are clustered in the network. In both models, the network provides

extra utility, either through employment information or externalities.

In the framework above, the two groups had different levels of social resources
which they could mobilize to their advantage. The differential access to social capital
by certain social groups (e.g. gender or race) is what’s referred to as “inequality
in social capital” by Lin [119, 120] (As opposed to Colmen [63], by social capital
we are referring to the resources embedded in the network and accessible to the
individual rather than their relationships). As described above, inequality in social
capital happens when members of a group belong to the disadvantaged socioeconomic
status and they also have the tendency to associate with each other (e.g. homophily
by gender or race). Lin describes the differential opportunities between various groups

in the society as one implication of this deficiency in social capital.

While different in terms of their language and approach, all the works above by
Lin, Garip and Dimaggio, Jackson, Calvo-Armengol, Bolte and Immorilca share the
same underlying mechanism, the unequal provision or simply the unequal diffusion of
network resources. By network resources, as a general concept, we refer to any utility
that an individual receives from their network, for example economic or employment
information or externalities in behavior adoption. Unequal diffusion of network re-

sources happens if the social structure exhibits the following three characteristics:
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1. The resource diffuses through the network links.

2. One of the groups (exogenously) generates the resource at a higher rate com-
pared to the other groups (e.g. high social class owns businesses and generates

employment opportunities at a higher rate).

3. The social network is homophilous along a characteristic that is correlated with
the group attribute (e.g. business community, comprising the high social class,

mostly attend certain colleges).

The resource could be rivalrous, shareable with a limited number of contacts, or non-
rivalrous. The effect of network inequality will exist no matter, but we hypothesize
the network effects will be stronger for rivalrous resources as the homophily will make
them more exclusive to one group than non-rivalrous resources.

At its basic form, we can model the total utility of an individual as follows:

Utility = Individual Utility + Network Utility (1.1)

Individual utility is derived from individual endowment (e.g. education or ability)
whereas network utility is derived from network resources which depend on the en-

dowment of the contacts in the local network. So we can redefine utility as follows:

Utility = f(individual endowment) + g(endowments of local network) (1.2)

We are interested in variation of network utility across different individuals, no mat-
ter if they have different individual utility or not. If there were no network effects
on inequality, network utility would be identical for everybody in the network. In
order for network utility to vary across different individuals from different groups,
both conditions (2) and (3) above must be true. If the groups generated resources
at different rates but the network was random with no homophily, all individuals
would receive the same expected network utility since all have the same local network
composition, even though their individual endowments would be different. Similarly,

if the network was homophilous but both groups generated resources at similar rates,
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there would not be any difference in available network resources between any two
members from different groups. If the above 3 conditions are met, the individual
endowment advantage of one group will get amplified by the network effect, leading to
inter-group differences that are larger than what’s expected by differences in individual

endowment.

An important property of equation is that the function corresponding to
network utility could be linear or super-linear in terms of network endowments. A
linear function indicates that the network utility scales at the same rate as the number
of contacts with the valuable resource (e.g. farming coops). However, a super-linear
function indicates cumulative advantage in which the marginal utility increases as the
number of contacts with the resource increases. This pattern of cumulative advantage
leads to larger inter-group differences and is more common in social settings. For
example, both cases of new technology adoption [72] and the decision to stay in the
labor market [41] fall into this category. In the case of new product adoption, the
marginal utility of adoption increases as there are more contacts who have already
adopted, as also evidenced by others [166]. In the case of diffusion of employment
information, the super-linearity stems from the fact that once one contact drops out
of the labor market, it becomes more likely that other contacts will drop out too.
In general, we expect the network utility to exhibit a super-linear form in cases that
resemble the complex contagion setting [53], in which the network resource becomes

beneficial only after multiple contacts provide it.

The processes mentioned above lead to differential network advantages, but they
are not easily observable or measurable. For example, there have not been any strong
empirical evidence on the nature of unequal diffusion in networks or investigation to
the existence of differential marginal benefits on the field as noted by both DiMaggio
and Lin. In fact, as stated by Garip and DiMaggio, the research priority for network
effects on inequality should be 1. Specifying the mechanism rigorously (e.g. in terms of
utilities) and identify the network effects through field work. 2. Collecting appropriate
data to perform empirical analysis of network effects and investigate the form of

the network component in the utility function. We contribute to the literature by
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providing empirical support for the network inequality effects through observational
data, field experiment with randomized seeding of a new behavior and an online lab
experiment where we control the network structure and initial inter-group differences.
Furthermore, to understand the network nature of unequal access to opportunities,
we develop a random network model that fits the extent of unequal diffusion in a
network, in addition to its other structural properties, and relates it to node-level

variation in cross-group link formation.

First, we examine the link between social network structure and economic out-
comes. Several foundational works have argued that economic action does not hap-
pen in a vacuum of fully rational agents, rather it happens in social structures
[01], 106, 1T0]. The economy and social structure affect each other and co-evolve,
a phenomena often referred to as the embeddedness of economic action in social
settings [90]. Numerous studies have examined this phenomena in the context of
managerial success in firms [I1], 66l 116, [145] 146], employment status [21], firm per-
formance [168, [169], health outcomes [52], reputation [I81] and education [44] [70].
The work by Burt on structural holes is perhaps the most relevant in this line of re-
search [34]. Burt argued that actors create social capital by positioning themselves as
brokers among disconnected communities, which in turns provides them with access
to novel and diverse sources of information and at the same time control over the flow
of information. Burt and subsequent researchers documented that access to these
structural holes, also referred to as long ties, leads to better performance in various

micro-scale studies on individual actors.

Despite its importance, there has been very little evidence on the link between
social structure and economic well-being, and in particular the frequency of long
ties in communication networks, at a macro scale of neighborhoods, mainly due to
unavailability of data that fully maps out networks of US neighborhoods. We attempt
to fill this gap by examining the relationship between the economic well-being and the
network structure of US counties. Using Facebook communication data, we show that
counties or zip codes that are rich with long ties, those bridging different communities,

have better outcomes over a range of economic indicators including income, social
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mobility, and employment. We show that this link is robust under a different network
measurement scheme or in a different country (Mexico). These results agree with
previous work which used aggregated mobility and purchase activity as proxies of
communication across neighborhoods [61, 99]. Furthermore, we find that conditioned
on their frequency, these bridging long ties are stronger in more prosperous zip codes.
This result suggests that the underlying mechanism is indeed the transmission of
novel information across long ties: the stronger the long ties are, the more likely

information transmission is successful.

Subsequently, we study the determinants of long ties and the individuals who
hold them. We find that long ties are more frequent if the individual has experienced
major disruptions throughout their life. We examine three case studies of inter-state
migration, out-of-state college attendance and switching high schools and show that
in each case, the individual has more long ties in their networks many years after the
experience than other comparable individuals but without those experiences. Most
strikingly, the higher frequency of long ties among these individuals cannot be fully
explained due to geographic mobility, as migrants have more long ties in their current
states than the locals or individuals who attended multiple high schools have more
long ties with friends outside high school. Our findings suggest that creating and
maintaining long ties require special skills that co-occur with the above mentioned
life events. Other authors have documented the personality component of individuals
who span structural holes. [Burt et al|found that these actors are predominantly en-
trepreneurs and less risk-averse [38] while Kalish and Robins emphasized the reduced
vulnerability to change and the ability to engage with multiple distinct social cate-
gories among these bridging actors [112] 1T3]. Our results on migration and mobility
are in line with these findings as these individuals have a reduced tendency to classify
themselves into distinct social categories, thrive on change and have developed the

ability to mitigate conflicting demands.

Second and after showing the link between networks and economic outcomes, we
provide correlational results from a cross-sectional study that suggests individuals

from a high status group receive differential benefits from their network. Using the
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call records from about 33,000 individuals in a south Asian country, we operationalize
social capital in terms of structural diversity or the frequency of long ties, and find
that structural diversity shows a relatively strong association with individual income.
Furthermore, the marginal effect of structural diversity is exclusive to the individuals
from a high status group. These results provide an initial evidence for the mechanism
above that concentrated distribution of economic opportunities among the high status
social strata combined with homophily among members of the same group leads to
differential network advantages for the high status group and limited diffusion of
economic opportunities to the low status social strata. While these results support

the network inequality mechanism from a large real-world data, they are not causal.

Next, we attempt to provide causal evidence for differential diffusion of a new
behavior in a controlled setting and relate it to network homophily and the initial
advantage of one group. We will use the data provided by a randomized experiments
[140] that studied diffusion of a new behavior in a social network when a few initial
nodes are randomly seeded with the information. In this study, authors seeded an
anti-conflict intervention that was randomly assigned to initial seed students and
evaluated the causal effect of its diffusion on the rate of conflict, both at the school
level and individual student level. In the context of our study, we would like to show
that the students that are similar to the initial seed students are more likely to adopt
the new behavior. In other words, the effect of intervention in terms of adoption of the
new behavior is larger on students that are homophilous with the initial seed students
than non-homophilous students. Relating to the mechanism we are interested in, the
group to which the initial seed students belong constitutes the advantaged class, with
access to the new behavior by the seeds acting as the initial advantage of the group.
We will show that this initial advantage by one member of the group (seed student)
leads to differential advantages in terms of adoption for other members of the group

compared to non-members in the network.

Third, we argue that network homophily alone does not fully explain the extent
of unequal diffusion in the network. Instead, we show that any variation in cross-

group linking among nodes of a group leads to higher unequal diffusion than expected
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simply by measures of homophily. As the first step, we show this phenomena analyt-
ically by building a latent space network model [96] with a parameter that controls
the degree of heterogeneity in cross-group linking. As we increase this parameter,
the cross-group links become more exclusive to a small number of nodes and the net-
work exhibits smaller number of inter-group paths that cannot be explained by the
simple assortativity metrics [I33]. As the second step, we investigate the extent of
this phenomena in real-world networks. We find that most networks exhibit higher
susceptibility to unequal diffusion than expected by simple measures of homophily

across various grouping variables (e.g. gender or race).

To address this discrepancy, we develop a variant of the Stochastic Block Model
[2] that parameterizes the cross-group degree of each node, and by doing so fits not
only assortativity on paths of length 1, but also assortativity on paths of length 2
and 3. This model significantly improves the fit over SBM on empirical networks and
accurately predicts the susceptibility of a network to unequal diffusion. Our modeling
results show that networks that have similar levels of assortativity or homophily
could have very different degrees of susceptibility to unequal diffusion. This variation
arises from the extent to which the connections between different social classes are
controlled by a small group of individuals acting as brokers [34]. Our findings provide
an important policy implication: while brokers act as a bridge between communities,
they nevertheless control the flow of information. Networks that heavily depends on
brokers for connectivity suffer from unequal diffusion of information much greater
than networks whose cross-group links are equally distributed. This happens because
the existence of brokers not only hampers diffusion to the first degree but also to the

second degree, the whole group ends up with less pathways to information sources.

Finally, we focus on one network mechanism that is responsible for widening inter-
group differences. This mechanism rests on the scarcity of a valuable resource and
the heterogeneity in group ability to access it. We design a stylized repeated game in
which agents make strategic decisions to share the valuable resource with each other, if
and when they receive it. In each round, some agents randomly (according to a known

distribution) receive the rivalrous resource access to which increases one’s utility.
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Since there is a limited stock of the resources in each round, it gets shared equally
among agents with access to it. This resource rivalry creates opposing incentives for
the sharing decision: in the short term, it is better to withhold the resource while in
the long term it is more optimal to share. The repeated nature of the game could
amplify individual or group differences in utility over time and our goal is to explore
the mechanisms that affect the final inter-group utility differences. In particular,
assume there are two groups in the network (rich/poor). Members of group 1 and
2 have p; and p, probability of receiving the resource on their own in each round
(p1 > po2). Within each round, agents can share information about the resource with
their contacts. Adding the individual and network components of the game, members
of each group will have an average utility of u; and u,. We will describe the necessary

conditions for the game to result in the following equilibrium:

. h (1.3)
Uz P2

Given that individual probabilities, p; and ps, capture variation in individual
ability, inequality indicates that one group takes a larger share of the common pie
(the rivalrous resource) than would be expected solely based on individual differences.
We find that if the network is homophilous and the initial difference between the two
groups is large enough, cooperation (in the form of resource sharing) emerges only
in the advantaged group and the equilibrium satisfies the inequality above. In other
words, the network component in this resource sharing game amplifies the inter-group
advantages to be greater than the exogenous individual differences. The differential
in cooperation rates is due to the differences in future prospects of each group: since
the resource is too scarce in the disadvantaged group, there is very little incentive
to share it as the expected future payoff from contacts is less than the lost utility
if the agent was to share it. These individual micro-level motives lead to increasing
inequality between the groups at macro-level [I55]. We implement the above game in
an online randomized lab experiment in a manner similar to [126] and validate that

the sharing decisions resemble the equilibrium predicted by the theory.
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We hope that our findings contribute to the growing literature around the network
origins of inequality and its persistence. Previous evidence suggests that inequality
is closely related to its persistence across generations (i.e. immobility) [64]. The
persistence of inequality can be explained by the reproduction of disadvantage across
generations: children born into impoverished families inherit their parent’s social
capital and are inherently more constrained in access to opportunities, which in turn
leads them to have poor future outcomes. Most current policies to combat inequality
focus on its economic roots, while there is inadequate attention on its social origins.
When it comes to the issue of immobility, one could even argue that the current
economic policies such as redistribution only address the symptoms of inequality
rather its socially driven causes [I08]. To address the persistence of inequality, our
policies should also take into account the unequal access to opportunities and other
mechanisms in which social networks lead to unequal outcomes. We hope that our
work contributes to this goal by describing these network based mechanisms and
providing suggestions to counteract them. Our findings suggest that policies that
target groups rather than individuals are more successful in combating inequality as
the benefits that arise from lifting a whole group out of poverty will be amplified by

the existing social capital and the feedback mechanisms present in the network.
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Chapter 2

Formation of Long Ties and their

Economic Outcome

1 Preface

In this chapter, we establish the link between network structure and economic out-
comes at the aggregate scale of US counties. In particular, we focus on long ties or
the structural hole phenomena as often referred to in the literature. We show that
long ties are more frequent in US counties that are richer along various economic
indicators. The strength of these long ties further predicts economic well-being: the
stronger the long ties are on average, the higher the median household income is.
Subsequently. we study the determinants of long ties and find that they are more
frequent with mobility, migration and other major disruptions throughout the course
of one’s life. Our findings suggest that creating and maintaining long ties require

special skills that co-occur with the above mentioned life events.

2 Introduction

Economic action is embedded in social networks [90]. There are various ways in
which networks can affect economic outcomes both at the micro and macro scale

[91], 106l 110]. Perhaps the most important mechanism via which networks determine
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outcomes is through their structure which controls who gets access to what opportuni-
ties [18] 165, [75]. This link between structure and network advantage has been widely
studied as it has important implications both within and among firms. Burt intro-
duced the concept of structural holes, perhaps the most important insight in this line
of work [34, [39], which states that brokers who connect two otherwise disconnected
communities fill a structural hole, thus facilitate the flow of diverse and novel informa-
tion between the two disparate communities. But, more importantly, structural holes
benefit the brokers themselves by giving them the potential for autonomy, opportu-
nity recognition, information arbitrage, and innovation [I} 25 [32] [77, [147]. Broker
networks are characterized by their numerous bridges across structural holes, which
we refer to as long ties, to remote circles in the social network. Long ties contribute
to the structural diversity of an ego-network, since the lack of mutual contacts sig-
nifies a connection to a structurally distinct community. The information advantage
and innovation mechanisms [32] 47| state that these long ties are more likely to pro-
vide access to novel, non-redundant and diverse sources of information and resources

because they are structurally diverse and connect to many unique communities.

Since the introduction development of the related concepts of weak ties and struc-
tural holes, there have been many studies that have linked advantage in terms of
network structure to performance, at the scale of individual actors. Most work has
examined the issue within the context of a firm and have documented the role of
local network structure to managerial performance [11], 04, 145-147|. These works
investigate different nuances of local structure and their interaction with tie strength,
but they all report that managers whose networks are diverse and connect to multiple
communities are promoted faster, paid more and deemed to have higher performance
by their peers compared to managers with densely interconnected network. The un-
derlying mechanism for their success is the investment these managers make in diverse
groups which later enables them to search for and transfer valuable information from
their diverse contacts at the right time. Several other works have made similar con-
clusions, based the same mechanism, on the link between local network structure and

performance in the context of labor market [49] 83|, team innovation [69} 130} 13§],
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technology adoption [12} 16l T15] and peer influence [10].

Despite the extensive literature on local network structure and individual or team
performance in specialized contexts, the link between network structure and impor-
tant economic indicators such as income, social mobility or employment rate is yet
unclear. This is mainly due to the difficulty in accessing such data and more impor-
tantly to causally determine such effects over long term. However, with the increasing
availability of large amount of digital interaction data which can be linked to outcome
profiles, there has been more and more studies that have attempted to link networks
with economic outcomes at various scales. The units of analysis in most of these
studies have been aggregated at a level of counties or neighborhoods [61], [74] I8T]. A
recent paper shows how patterns of human mobility across different neighborhoods
in Istanbul and Beijing predict neighborhood economic growth [61]. Similarly, Eagle
et al. showed how the diversity of phone communication across UK regions, mea-
sured by Shannon entropy, is a key indicator of economic prosperity [74]. Another
interesting study examined the relationship between position in the communication
network and economic status, at the level of individuals in a whole country, and dis-
covered that the importance of an individual to network cohesion, similar to k-core,
is correlated with individual wealth [125]. The most relevant to our current work is a
recent study on social connectedness from Facebook [I5]. Bailey et al.| constructs the
network of counties in the United States (US) in which connections signify the num-
ber of unique friendships between residents of counties on Facebook. The network
connections of a county, and in particular their geographic distributions, predicted
an array of county-level economic characteristics, such as income, education, teenage
birth and life expectancy. While those findings were not causal, they nevertheless
for the first time provided a very detailed description of the association between the

aggregate characteristics of contacts and economic outcomes at the county-level.

The recent studies have advanced our knowledge on the network correlates of
economic prosperity at population scale, but the link between economic outcomes and
network structure in particular as it pertains to long ties is still unknown. Our first

contribution is to fill this gap by providing comprehensive evidence on the relationship
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between the frequency of long ties and economic outcomes at the aggregate scale of
US zip codes. Using commenting communication among Facebook users in the US, we
construct the networks of each zip code and show that zip codes whose residents have
more long ties tend to have better outcomes in an array of economic indicators. We
replicate the same findings at the US county level and in a different country, Mexico.
Furthermore, we find that the strength of long ties predicts the remaining variation
in outcomes even after accounting for the frequency of long ties. In other words, US
zip codes with numerous strong long ties tend to have the best economic outcomes.
Our findings could involve endogeneities between network structure and outcomes,
however given the vast literature on how long ties benefit individuals by facilitating the
diffusion of novel economic information, we believe the links we discover are significant
and have important policy implication regarding local access to opportunity and

economic growth.

Given the importance of long ties in empowering people and their economic con-
sequences, it is fair to ask where do long ties come from, who holds them and what
factors enable people to create and maintain long ties? Surprisingly, there has been
very little focus on this question and the determinants of long ties is very much an
open question. There has been a limited number of previous studies on the person-
ality and the characteristics of network brokers [38, 112, 113, 164] but they do not
provide any insight on the qualities of brokers and how they got there when brokerage
is viewed as a skill to be acquired rather than a fixed personality attribute. Neverthe-
less, they heavily influenced our thinking on what external factors make a broker, so
we briefly discuss them here. |Burt et al.| used surveys to explore whether personality
varies systematically with access to structural holes. They found that respondents
with access to structural holes claim the personality of an entrepreneurial outsider
(versus conforming and obedient insider), in search of authority (versus security),
and thrive on change (versus stability) [38]. If we view brokerage as a skill rather
than an innate ability, the most relevant finding from Burt et al. is that people with
closed networks are risk-averse and depend on social support of contacts compared

to brokers who have had experience with change and disruptions.
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Kalish and Robins treated personality as a permanent trait and looked at how
different traits predispose people to build certain network structures. In particular,
they studied how the big 5 personality traits [87] correlate with access to structural
holes [113]. They found that people with closed triads tend to be vulnerable and
passive agents to external forces and define themselves more as part of a group with a
collective identity rather than an individual. In contrast, brokers are individualistic,
believe in their ability to influence their environment and control the course of events
in their lives. Most importantly for our study, they reported that keeping one’s friends
apart is not a state of balance, and has psychological strain on the individual. Most
people seek to avoid these dissonant-like structures, but the fact that brokers have
these networks suggest they have special skills and experience to create and maintain

these open and structurally diverse networks.

The balance associated with closed triads traces its root to the work of Goerg Sim-
mel [I58]. |Simmel| described a process where a third mediator enters into a dyadic
relationship between non-homophilous individuals from different communities and
potentially with conflicting demands. The mediator can utilize their unique skills to
resolve the conflict between these unconnected individuals. [Simmel argued that these
mediating individuals see themselves responsible for coordination and managing con-
flicting incentives. A later study empirically validated these theoretical predictions by
evaluating the personality traits and motivations of brokers that connect individuals
from different backgrounds engaged in a conflict [I12]. They discovered that the me-
diator brokers described by [Simmel are less likely to define themselves and others in
terms of social categories and are able to integrate with various social groups. These
findings are in agreement with a fascinating study on the characteristics of Cosimo
Medici who rose to power in Renaissance era Florence [139] due to his unique network
advantage and ability to reap the benefits offered by his many long ties. Medici was
a master of multivocality, was able to mediate between conflicting actors, and had

the skills to negotiate in presence of uncertainty and heterogeneity.

The studies mentioned above treated brokerage as a matter of personality, an

inherent quality, but did not not examine the processes that bring about these char-
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acteristics and the skills associated with them. This is specially important since many
of the personality correlates of brokers, such as proclivity to change and disruptions,
are not innate and can often be acquired through life experience. The fact that bro-
kers and structural holes are rare is in itself an evidence of the difficulty and the skills
needed to maintain long ties, as mentioned in previous studies above (e.g. ability
to maintain an unbalanced network in the case of Medici). Further evidence on the
link between long ties and special skills to maintain them was offered in two studies
that found stability in presence of long ties and that the best predictor of access to
structural holes is the past access to them [35, 154, [180]. Recent evidence has also
documented great variation in performance among brokers, with many receiving no
benefit from their long ties [40]. This suggests that having access to long ties is not
sufficient, and only those with the skills to take advantage of it have better job perfor-
mance. Within the context of a firm, randomized experiments have shown that little
network training to raise awareness of the social capital in brokerage and strategies
to maintain these ties leads to positive causal impact on performance [37, T11]. If the
training to take advantage of long ties improves outcomes, then events that enhances
social capital skills should also improve outcomes.

Given the gap on our understanding of the necessary skills to maintain long ties,
our second contribution is on the origins of long ties and the characteristics of indi-
viduals who hold them. In particular, we study several major life events and argue
that their experience enables people to form long ties later on their lives. We dis-
cuss three major disruptions in life that expose individuals to multiple communities
and require them to form new ties with individuals who are potentially very different
from their previous contacts. We find that previous experience with these disruption

is associated with more open and structurally diverse networks many years later.

Inter-State Migration
First, we consider the case of inter-state migration in the US and show that those
who have migrated from a different state to their current state many years prior to

the network measurement have higher frequency of long ties, which cannot be simply
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explained by their geographic mobility itself. A fascinating recent study provided
the rationale behind the study of migrants’ experiences [36]. |Burt and Merluzzi| were
interested in understanding why there is so much variation in performance of bro-
kers and found that the benefits of long ties come from making deep investments
in one community, followed by brokering between past communities, and then again
followed by deep investments in another, rather than shallow brokerage between them
simultaneously with minimal investment in all communities. They called this move-
ment between periods of deep embeddedness and brokerage as network oscillation
and argued that brokers with network oscillation have developed the skill for effective
response to new developments in the surrounding environment [36]. Oscillation is the

act of moving in and out of groups, much similar to the experience of migrants:

“Experience with change is preparation for change... [Oscillators| can be
expected to be flexible in moving between identities ... and so develop
the adaptive self-monitoring associated with network brokers. The image
that comes to mind is people who grew up in multiple countries, or in

families that frequently moved between cities.”

Oscillation and migration both create “adaptive response” skills to flexibly engage
new opportunities in the ever changing environment and manage exogenous shocks.

Surprisingly, the literature at the intersection of networks and migration is very
recent and so far narrow in scope. Most studies have attempted to characterize the
changes in migrant networks in a short time scale and how migrants mobilize their
networks as social support immediately after the move and during the adaptation
period [124], 157, [160]. Since our goal is to evaluate the skills developed during the
adaptation period, we must evaluate the long-term impacts of migration on network
formation many years after the migration event. Two recent studies using Facebook
data have described the long-term patterns of connectivity among immigrants and
locals to shed light on assimilation and international connections [60], 05]. While these
studies looked at migrant’s networks potentially long after the move itself, they only

focused on international immigrants who have a drastically different experience and
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more assimilation challenges than inter-state migrants. Furthermore, they did not
attempt to compare the local networks of migrants against non-migrants as we do
here.

Our main finding is that migrants not only have more long ties that are geograph-
ically distributed, but also have more long ties in their current new state as compared
to the local residents of the state. Perhaps, the closest to our finding is a study that
examined the geographic dispersion of migrant connections [171]. Viry| found that
the farther migrants lived from their home location, the more geographically distant
their contacts were from each other. As it relates to our goals, this finding suggests
that mobility experiences are linked to individuals skills and resources with regard to
the use of technology in maintaining strong long-distance ties in diverse places. While
the result of this study generally agrees with our overall conclusion, it does not fully
answer our questions because its focus was on dispersion of alters in ego-networks
rather than their structural patterns, did not compare migrants versus non-migrants
and did not discuss long-term implications of migrations in terms of skills and social

capital.

Educational Relocation during Adolescence
The second and third experiences we consider involve major educational disruptions
in adolescence years.

e We look for individuals who attended out-of-state college and compare their
networks years after college with similar cohorts who attended college in their
home state.

e We compare the network of individuals who attended a single high school against
those who switched high schools within the same state, ruling out inter-state
migration.

In both cases, we find that relocation for education during adolescence leads to struc-
turally more diverse networks years later. The higher frequency of long ties is not
simply due to the relocation itself, since the higher frequency of long ties persists

even among friends made outside their high school or college. The reasoning why
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relocation for schools leads to structurally more diverse networks is similar to the
one we mentioned above for migration: both moves involve major disruptions and
are preparation for future change. Attending multiple high schools is particularly
interesting because it most likely happens due to reasons outside one’s choice, hence

less likely to suffer from confounders.

There is yet another reason why it is important to examine the experience of
network formation during adolescence which has to do with shifting goals over the
life-span according to the socioemotional selectivity theory [46H48]. The theory states
that changing perspective across different life stages shift social goals and with them
the social ties. Motivated by information acquisition goals and gaining independence
from the parents, adolescence and young adulthood are the most expansive stages
of life in terms of social networks. The focus of young adults is to gather as much
information as possible from diverse sources, and as such they start forming large
networks with diverse relationships and contacts from different groups. Empirical
findings have supported the predictions of the theory and have documented how the
personal network size start shrinking and becoming dense after young adulthood.
Network formation strategies learned and adopted in this period are likely to persist
throughout one’s life. In fact, empirical evidence from college students have shown
that, despite large differences in networking patterns across different students due
to varying cognitive constraints akin to skills, social signatures of tie formation in a
single student are very persistent even if there is high turn-over in the network [153]
unless there are major (non-normative) life events which demand a change in the

social signature [17§].

Adolescence is the period individuals learn how to expand their social networks for
the first time, so it seems important to understand how disruptions and experiences
during this period impact the structure of networks later in life. This is the focus of
our study and we will show that adolescents who undergo experiences that require
them to form new ties in a new environment are likely to have more long ties later
in life. The rest of this article is structured as followed. In section [3] we provide

evidence on the economic implications of long ties within US zip codes. Later sections
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discuss the determinants of long ties with the three events we mentioned above.
In section |4, we show how migration leads to structurally more diverse networks.
Subsequently, in sections and [o, we show that relocations during adolescence also

lead to structurally diverse networks.

3 Economic Implications of Long Ties

In this section, we present our results on the link between structural diversity, mea-
sured as the frequency of long ties, and economic outcomes. In this empirical study,
we uses each US zip code as a unit of analysis and construct a network for each zip
code corresponding to the communication patterns of its residents. We then look for
any relationship between the overall network structure of each zip code and an array
of economic indicators on that zip code provided by the census bureau. We show that
zip code networks with frequent long ties, those without any mutual contacts acting

as social bridges, tend to have better economic outcomes.

3.1 Data

There are two data sources in our analysis, one to construct the network corresponding
to each zip code and another on its economic indicators.

Network Interactions: To construct the communication networks, we observe the
number of times users commented on each other’s posts over a 6 month period from
December 2020 to June 2021. A commenting interaction involves one user making a
comment on another user’s original post or mentioning them on a separate thread. We
only observe the time and count of the commenting activities and not their contents .
Commenting activities are more appropriate for the construction of the network than
the actual friendships on Facebook for two reasons: commenting contacts are more
likely to be strong and relevant to each user, as opposed to many friends on Facebook
who are only acquaintances without any meaningful interaction over months if not
years. But more importantly, Facebook users extensively use commenting as a form

of communication as there are about 195 million daily active users on the Facebook
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website or its mobile application in US and CanadaE].

This would provide us with great coverage and high quality interaction data across
many zip codes in the country. For each Facebook user, we also observe the predicted
city of residence which relies on the user’s information and activity, for example their
self-reported city on their profile and their internet connection information. These
residential predictions allow us to match users to approximate zip codes, counties, and
states and construct the corresponding zip code network, consisting of users residing
in the zip code, as we describe later.

Economic Indicators: The zip code outcome variables consists of a set of eco-
nomic indicators obtained from the census 5-year estimates of the 2018 American
Community Survey at the level of zip code tabulation areas (ZCTA). The economic
indicators we consider here are mean household income, fraction of households with
income below $25K, and the unemployment rate. In addition to these census pro-
vided indicators, we also consider measures of social mobility provided by the Atlas of
Opportunity project at the ZCTA level [59]. The social mobility indicator we explore
here are 1. the probability of a child born in the zip code and from the bottom 25%
of the income distribution in the US reaching the top 20% of the income distribution
and 2. the percentile income rank of a child born in the zip code from the bottom 25%
of the income distribution. Finally, as a robustness check we replicate our analysis
in Mexico as a second country. The outcome variable we use in Mexico zip codes is
called the “wealth index” which is a summary measure on the intensity of economic,
health and education prosperity, provided by the National Council of Population in

the Mexican government, which ranges between 0 and 1.

3.2 Methods

Construction of zip code Networks: We generate each zip code network in a
manner similar to ego-networks. The nodes in each zip code network consists of all

users who reside in that zip code and all their contacts. The network contains all

!Figures are from the latest earnings release https://investor.fb.com/investor-news/
press-release-details/2021/Facebook-Reports-Second-Quarter-2021-Results/|
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Figure 2.1: A schematic representation of the a zip code network. Blue nodes corre-
spond to individuals residing in the zip code, the purple shaded area indicates the zip
code boundary, and the red nodes are contacts who reside in other zip codes. Our
analysis only consider ties between a node inside and one outside the zip code. The
long ties among such ties have a dotted pattern.

the edges among these nodes, which most certainly includes the edges among nodes
who reside outside the zip code but have a connection to at least one user in the
zip code. Edges are directed with weights that correspond to the number of directed
communication events from December 2020 to June 2021. Even though the edges
are directed, we only consider reciprocal ones to filter out one-off communication
events that don’t signify a meaningful relationship. Thus, the existence of an edge
in the zip code network means there has been at least one communication event in
each direction. Figure shows a schematic view of the zip code networks. In our
analysis, we only consider zip codes with at least 100 users who reside in that zip
code and for which we have census data available. This leaves us with 27,836 out of
about 30,000 zip codes in the US (which are not PO Boxes or businesses) for which
we have both network and economic indicator data. Figure [2.1|shows the histogram
of some basic characteristics of these networks, along with two economic indicators.

Measuring Structural Diversity in zip code Networks: Structural diversity is a
purely topological measure and captures the unique number of communities a node is
involved in [32]. It can be operationalized in different ways, but at its core it relies on
measuring the extent to which contacts are clustered together. The local clustering
coefficient, count of bridges or the connected components among alters in an ego-

network are some of the widely used measures [29, [161], [166]. All of these measures
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Figure 2.2: Histogram of zip code networks basic metrics, along with their household
income and unemployment rate from census. Mean degree/total activity refers to
average degree of/number of comments sent by nodes inside the zip code. Fraction
out-edges is the fraction of edges originating from a node inside the zip code that are
to outside the zip code.

are correlated with each other because they can all be expressed as a function of the

number of mutual contacts on each edge of the the network.

The frequency of long ties, those without any mutual contacts, is a very simple such
function. The long ties closely resemble the widely used concept of structural holes
or social bridges and their overall frequency indicates the extent of novel information
received by users residing inside the zip code. We use the fraction of long ties among
all edges that involve one node inside and one node outside the zip code as our primary
measure of zip code structural diversity as defined below. These ties are shown with

dotted lines in figure [2.1]

ZiEZ ZjeNi I(mc;; = 0)
ZieZ |Nz|

I, = (2.1)

where Z is the set of nodes residing inside the zip code, N; is the set of ¢’s neighbors
who reside outside the zip code, I(.) is the indicator function and me;; = >, oy Lk

is the number of mutual contacts between ¢ and j among nodes outside the zip code.

The clustering coefficient, the fraction of closed triads in the network, is another
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widely used measure for ego-networks. Our zip code networks are very similar to
ego-networks, with the exception that they have multiple nodes who reside in the
zip code akin to egos. To incorporate multiple egos in the measure, we count all
triads that involve one node inside and two nodes outside the zip code and discard
triads that involve three nodes outside the zip code or more than one node inside
the zip code. This approach is similar to the way triads are counted in ego-networks
with an important distinction that we now have triads that involve more than one
ego (residing inside the zip code). We don’t count these triads for three reasons.
First, we must ensure all triads are counted only once because if we were to count
triads that involve multiple nodes in the zip code, they would be counted once from
the perspective of each node in the zip code, especially in the weighted measures of
clustering coefficient. Second, the edges (or triads) that involve more than one node
in the zip code are a very small fraction of all edges (triads) as also shown in figure .
Third, only the triads that involve at least one node outside the zip code are relevant
considering the acquisition of novel information because the information circulating
among triads inside the zip code is most likely redundant. With this explanation, we

define our clustering coefficient measure as below.

ZiEZ ZjeNi mCij;
ZZEZ |Nz|(|Nz| - 1)

c, = (2.2)

Both [; and ¢; range between 0 and 1, but as opposed to the fraction of long ties,
smaller values of clustering coefficient indicate more structural diversity. Our results
are very similar using either measures, so here we only present the results showing

the link between the fraction of long ties and economic outcomes.

Our second set of results examine the link between economic outcomes and the
strength of long ties conditioned on a fixed number of long ties. To do so, first we
define the normalized count of exchanged comments as our measure of tie strength

that is comparable across users with different levels of activity.
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wy =2 = 9 (2.3)

Y ti ZjeNi tij
In the definition above, w;; represents the normalized tie strength from node ¢ to 7,
ti; is the number of comments ¢ has sent to j in the 6 month measure period and ¢; is
the total activity of user ¢ with their contacts N;. Given our definition of tie strength,
a simple and intuitive measure for the strength of long ties is their weighted sum as

shown below.

jw 2 icz 2jen, Wil (mey; = 0)
: |Z|

(2.4)

Since the measure of tie strength is normalized, [} ranges between 0 and 1 and can be
treated as weighted fraction of long ties. Other measures, for example the weighted
clustering coefficient, that capture the strength of long ties can be adapted from the
unweighted measure [19] but we only focus on the weighted fraction of long ties in
the results section.
Control Variables: There is a lot of variation in the size of zip code networks in
ways that can influence the range of reasonable values for [, and affect its statistical
relationship with the outcomes. Thus, we ensure to control for the following variables
in our analysis: population of the zip code, number of network nodes residing in the
zip code and number of edges from a node inside the zip code to one outside. All the
economic indicators we consider are highly correlated with racial composition of the
zip code. Thus to ensure our network measure explain any outcome variation above
and beyond racial composition, we also control for fraction of white race in each zip
code. The data from Mexico does not include zip code-level racial composition, so
the model for Mexico simply controls for the network covariates mentioned above.
Our second goal is to establish the relationship between the strength of long ties
and the economic outcomes given a fixed number of long ties. Since (Y is highly
correlated with the unweighted measure of structural diversity, /., our analysis must

control for it. Furthermore, since our normalized tie strength measure is sensitive
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to the total level of activity, we attempt to account for it with the average level of
activity from users inside the zip code to those outside, t, = >, ,t;/|Z|. Thus for
our second analysis, we include the the fraction of long ties, [,,, and the average user

activity, t,, as extra control variables in addition to those mentioned above.

Estimation Procedure: Traditional regression based methods require a fixed func-
tional form on the relationship between the zip code outcome and the fraction or the
strength of long ties which might not be flexible enough to discover any potential
non-linearity in the data. Binscatter methods and in particular, the recent binsreg
implementation [51], provide the required flexibility to avoid a fixed functional form
in the regression. In addition to visualizing the data with confidence intervals at each
bin, binscatter provides a principled way to test for shape restrictions and most im-
portantly adjust for our control variables such that it does not suffer from problems

of residual-based approaches [50)].

Binscatter regression with covariate adjustment fits the data according to a lin-
ear model. In order to avoid any assumption on the functional form of the control
variables, they are binned and the model includes each bin as a separate dummy.
For example, the model on the relationship between the a zip code outcome and the

fraction of long ties is formulated as below.

v, = u(l,) + ap, + Bn, +ve, +0r, + ¢, 25)

E[EZ”Z?pza n:, €z, Tz] =0

where y, is an outcome measure (e.g. zip code mean household income), [, is the
fraction of long ties, p. is the zip code population bin, n, is the binned number of
nodes inside the zip code, e, is the binned number of edges from inside to outside the
zip code, and 7, is the fraction of white race in the zip code. Binscatter regression
discovers the shape of function p(.), and computes the standard errors of each bin.

Overall the model above includes 70 dummy controls.

We employ a similar approach for the model on the relationship between zip code

outcomes and the strength of long ties, with the additional controls for the frequency
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of long ties and the total activity as formulated below.

— ’u/(l;”) +dl,+nt, + ap. + Bn. +ve, +0r, +¢, (2.6)

E[62|lw7l27t27p27n27 eZ7rZ] = 0

z

where [} is the weighted fraction of long ties, [, is the binned unweighted fraction of
long ties and t, is the average activity level by users inside the zip code to outside.

The model above include 100 dummy controls.

Non-parametric Alternatives While our binscatter regression model with binned
controls is flexible enough to capture different functional forms, it nevertheless im-
poses a linear structure on covariates and our binning could be too coarse. Even more
importantly, the ideal model as opposed to the ones in equations and would in-
clude the binned control variables in interactions terms. However, our small data size
does not provide us with such a flexibility, hence the simple additive models above.
Nevertheless as a robustness check, we employ two fully non-parametric approaches
from the machine learning literature. First, we train a random forest model on [,
(and a separate model on [) and the respective control variables as above, but in
their original scales, to predict y,. Given this trained model, we generate the partial
dependence plot (PDP) and accumulated local effect (ALE) plot of y, on [, (or [¥)
[9, ©3]. Both of these methods provide a visual relationship between two variables
after adjusting for other covariate in a fully non-parametric fashion using random
forest. The partial dependence plot resembles the stratified mean of y, at different
values of [, (or [*) but with fine-grained control variables defining the strata. The
goal of ALE plot is the same as PDP, and it produces a similar visualization while
incorporating the correlation structure of the covariates. Our results based on PDP
and ALE on the relationship between economic outcomes and fraction of long ties or
their strength both match our findings with the binscatter regression, and they are

presented in the appendix.
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Figure 2.3: Frequency of long ties in the network and zip code outcomes. The binned
regression plots are generated according to the model . With the exception of
wealth index from Mexico zip codes, all other plots are based on US zip codes. Solid
lines and bars correspond to local smoothers of second degree and 95% confidence
intervals respectively.
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Figure 2.4: The strength of long ties in the network and zip code outcomes. The
binned regression plots are generated according to the model . With the ex-
ception of wealth index from Mexico zip codes, all other plots are based on US zip
codes. Solid lines and bars correspond to local smoother of second degree and 95%
confidence interval respectively.
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3.3 Results

How are the networks of zip codes with better outcomes different from those with
worse outcomes? Do the zip codes with good outcomes have more long and stronger
long ties in their networks? The binned regression plots in figure [2.3| represent the
function u(.) as defined in the model using the fraction of long ties as the
independent variable against a number of socioeconomic outcomes. The findings
suggest that zip codes with more frequent long ties to outside the zip code tend to have
better outcomes along a number of dimensions: household income, unemployment and

social mobility.

The second set of results involves the strength of long ties. Conditioned on a fixed
frequency of long ties, how is their overall strength linked with economic outcomes?
This question is related to the strength of weak tie theory [89] which states that
access to weak tie is beneficial due to its high information value. Figure shows
how the outcomes vary as the long ties in a network become stronger. In contrast
to the weak tie theory, we find that the marginal effect of tie strength is positive
and toward better outcomes, a finding noted by others [83], 84]. In other words, it
is not the weakness of the tie that matters for outcomes, rather it’s the structural
or informational novelty that determines the outcome and once that is accounted
for, stronger ties to structurally diverse contacts tend to have better outcomes. The
confidence intervals in figure [2.4] are much larger than those in [2.3] This is due to the
high correlation between the independent variable, [, and its unweighted version, /.,

) Yz )

which has to be controlled for in the model.

Figure provides a visual summary of the geographic distribution of strong long
ties across the US. In contrast to previous analysis, the networks in figure 2.5 are con-
structed at the county level and the map shows the color-coded fraction long ties (1)
among 3076 US counties. A surprising observation from the map is that while most
urban areas, especially along the east coast, have high frequency of long ties, the rule
is not always true. Several urban counties including Miami-Dade, Wayne (Detroit),

Cook (Chicago), Harris (Houston), Bexar (San Antonio), Maricopa (Phoenix) and Los
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Figure 2.5: County-Level map of strong long ties. Red corresponds to the lowest and
blue corresponds to the highest values of fraction of long ties in the county network
as defined in equation . Counties with fewer than 200 active Facebook users or
population less than 500 are shown in white.

Angeles county have low structural diversity despite being surrounded with suburban
counties with high structural diversity. The second observation is that the counties in
the Appalachia and the South seem to consistently have the least structurally diverse

networks in the US.

4 The Determinants of Long Ties: Inter-State Mi-

gration in US

In the next 3 sections, we discuss 3 major disruptive events, as determinants of
long ties and show that individuals who undergo these experiences tend to have
structurally more diverse networks many years after the event. In all 3 cases, we
compare individuals who have had the experience based on their self-reported profile
with those who have not. In this section, we examine US-born individuals who have

migrated from their home state to a new state prior to 2012 and since then have
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resided in their current state, and compare them against individuals who have lived
in their home state since 2012. We show that inter-state migrants not only have more
long ties due to their geographic mobility, but also they have more long ties in their

current state than the locals of that state.

4.1 Data and Methods

The current state of each user can be easily inferred based on Facebook’s internal
prediction of residential zip code as we explained in section [3.I] Given this data,
we construct a monthly panel of predicted state location for each user for 9 years
starting from January 2012. To determine whether a user has experienced inter-state
migration, we also need information on their hometown state, for which we rely on
the optionally listed hometown on the user’s Facebook profile and ensure it can be
matched against a known location. Overall, 72% of the active users in our data have
provided this self-reported information on their profile. Given the monthly residence
and hometown states, we restrict our attention on US-born users aged between 30
and 60 who have not migrated in the last 9 years: their monthly residence state has
remained the same since January 2012. We then divide these users to migrants or
those have a different hometown state than their current state and non-migrants with
the same current and hometown states. Therefore in our analysis, migrants are users
who moved to their current state prior to 2012 and have lived in their current state
continuously for at least 9 years. Similarly, non-migrants are users who have resided
in their home state since 2012.

For each user from either the migrant or the local group, we construct their ego-
network from the same commenting communication data spanning a period of 6
months from December 2020 to June 2021, similar to what we used to construct zip
code and county level networks in the previous section. Ego-network, often referred
to as 1.5 level network, includes all the edges between the user (the ego) and their
contacts (alters) and the edges among contacts themselves. The ego-network allows
us to compute local measures of structural diversity as we discuss later. With web-

based commenting, there is a directed edge between two users if one has replied to
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a post made by the other. In this process, we ensure a minimal level of activity by
each user and discard those with degree less than 20 (have communicated with less
than 20 people over the 6 month period). The final data consists of 22 million users,
out of which 17.3 million users (79%) are local or non-migrant and 4.7 million users

(21%) are migrant.

Our general approach is to compare the ego-network structural diversity between
these two groups of users: migrants and locals. There are several ways to measure the
ego-network structural diversity, but we follow our discussion from section [3.2] and
use the fraction of long ties among ego-alter ties to measure structural diversity. The
range of common values for the fraction of long ties depends on the degree of the node,
so in our analysis we compare the mean fraction of long ties among migrants and locals
within each degree bin (with a total of 30 equal-size degree bins). A simple z-test

within each degree bin, however, does not account for differences between migrant
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Figure 2.7: The stratified fraction of long ties over all ties (left) and within the ties
in the current state (right) by migration status. The combination of gender, age
and current state bins constitute the stratification strata. Both plots contain 95%
confidence intervals around each point estimate, but the intervals are too small to be
visible. In the right panel, the fraction of within state long ties among migrants is
larger than locals in all degrees.

and local populations. Thus, in our analysis we attempt to control for some basic
user characteristics (age, gender and current state) by computing the post-stratified
mean of the fraction of long ties within each degree bin. In our post-stratification,
the combination of binned age (3 bins), gender (2 bins), and current state (51 states
including the district of Columbia) constitute a stratum (a total of 306 strata). Figure
[2.6] shows the distribution of these control variables along with degree within both
migrant and local populations. The main observation from figure [2.6] is that while
migrant and local populations have the similar degree and gender distribution, they

vary significantly by their age and current state, hence the need for stratification.

4.2 Results

Figure [2.7] presents our main results comparing the fraction of long ties between the
migrant and local population. The left panel shows that given a fixed degree, migrants

on average have about 4.0% more long ties than locals, with a larger difference in
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higher degrees. Geographic mobility, rather than a skill, is a simple explanation
behind the higher frequency of long ties among migrants than locals. However, as we
observe in the right panel, migrants have more long ties than locals even when one
only considers the ties to alters who reside in their current state. Migrants on average
have about 1.1% more long ties among their in-state contacts than the locals. While
the difference in the frequency of in-state long ties is smaller than the same frequency
among all ties, migrants nevertheless have consistently more (statistically significant)
long ties than locals in all degree bins. This suggests the higher prevalence of long

ties among migrants is not simply due to their geographic mobility.

4.3 The Determinants of Long Ties: Out-of-state College At-

tendance

In this section, we discuss the experience of another disruption, out-of-state college
attendance, and its link to network structure years later. In particular, we examine
US-born Facebook users who attended a college outside their hometown state and
compare them with the population of users who attended a college inside their home
state. We show that out-of-state college attendance is associated with higher fre-
quency of long ties years later after the college, and this relationship persists if one
looks at friends made out of college or account for the migration effects of out-of-state

college attendance.

4.4 Data and Methods

We obtain college attendance data on each user based on their self-reported higher
education institution. Overall, more than 47% of the active users in our data have
attended a college and have optionally reported the name of the higher education
institute attended in their Facebook profile. The self-reported information is generally
trustworthy, since we have resolved them against known higher education institutions.
Our analysis will examine the subset of users aged between 30 and 60 who have

attended at least one college, and divide them into two groups of in-state and out-
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Figure 2.8: The relative histogram of migration status, age, gender and current state
by location of college attendance. The frequencies sum to 1 within each college
attendance group. The solid line in the age distribution correspond to a LOESS
smoother.

of-state college attendance. Comparing the state where the user attended a college
with their hometown state, which is also self-reported as explained in section we
can determine whether at least one attended college is outside the user home state.
The users with at least one such college constitute our out-of-state population and
the rest are considered in-state. In a manner similar to section [4.1, we match each
individual in our population with their 6 month communication ego-network and
discard individuals with low levels of activity (degree less than 20 over the 6 month
period). The final data consists of 19.0 million users, out of which 12.6 million (66%)
attended only colleges within their home state and 6.4 million (34%) attended at least

one out-of-state college.

In order to compare users by the location of college attendance, we employ a
similar approach as explained in section [£.I We compute the post-stratified mean

of the fraction of long ties in each degree bin and for each college attendance group.
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Figure 2.9: The stratified fraction of long ties over all ties (left) and within the
ties who did not attend the same college as the user (middle) by location of college
attendance. The combination of gender, age, and current state bins constitute the
stratification strata for the left and middle plots. The right plot also controls for
inter-state migration status by including it in the strata definition. All plots contain
95% confidence intervals around each point estimate, but the intervals are too small
to be visible.

All combinations of gender, age and current state constitute the 306 strata of the
analysis. Figure [2.8 shows the distribution of these control variables for both groups.
The figure does not include the degree distributions since it very similar to the one
shown in figure [2.6| without any noticeable difference between the two groups. Any
difference in frequency of long ties between in-state and out-of-state user groups could
partly be attributed to the effect of migration as users who attended out-of-state
college are more likely to permanently move out of their home state, as verified in
figure[2.8] However, it is not clear whether one should control for migration status by
including it as a stratum, since the two mechanisms of out-of-state college attendance
and inter-state migration only partly overlap and even if they were not distinct, it
is difficult to separate them. Nevertheless in our secondary analysis, we include the
binary migration status as defined in the previous section [4 as another stratum in the
post-stratification, which leads to 712 total strata. We will present results comparing

the two groups controlling for either stratum definition.
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4.5 Results

Figure compares the fraction of long ties between users by location of college
attendance, using two different stratum definition. The left plot compare users in
terms of their overall long ties frequency. Similar to the case of inter-state migration,
the higher frequency of long ties might be due to exposure to college friends from a
different state, rather than an acquired skill. However, the middle plot shows that
users with out-of-state college attendance have more long ties even among contacts
who did not attend any of their colleges. Given a fixed degree, the out-of-state
group has about 3.0% more long ties than in-state users, in both the left and middle
plots, suggesting that their current higher likelihood to have long ties is not directly
due to connections with diverse college friends in the past. Out-of-state users are
much more likely to be inter-state migrants a shown in figure [2.8] hence the right plot
attempts to control for the migration status, even though this might underestimate the
effect of out-of-state college attendance. Accounting for migration status reduces the
difference between the two groups from 3.0% to 1.9% on average, however users with
the experience of out-of-state college have consistently more (statistically significant)
long ties in all degree bins. This suggests the higher structural diversity in the out-

of-state group is not solely due to inter-state migration.

5 The Determinants of Long Ties: Multiple High

schools

In this section, we discuss the experience of attending multiple high schools as yet
another major disruption that is associated with higher frequency of long ties later
in life. The population is the set of active Facebook users who attended high school
in the US and currently live in the US. This case study enjoys more validity as we
ensure attending multiple high schools is not accompanied by an inter-state move: we
compare individuals who attended multiple high schools in the same state versus those

who attended only one. By doing so, we discard individuals who attended multiple
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high schools due to inter-state moves and rule out any possibility that migration is
the driving force behind any effects we find. We show that attending multiple high
schools is associated with higher frequency of long ties years later after high school,
and that this relationship is robust even if we focus our analysis only on ties formed

outside high school.

5.1 Data and Methods

Similar to our analysis of out-of-state college attendance in section [4.3], we obtain high
school attendance data on each user based on the self-reported high school name on
their profiles. About 65% of the users we examined have reported their high school
information. Our analysis is based on users aged between 30 and 60 who currently
live in the US and have attended their high schools in the US and all within a single
state. We divide this population of users to two groups of single or multiple high
schools and join each user with their ego-network constructed from communication
data over a period of 6 months from December 2020 to to June 2021, dropping any
user whose degree is less than 20. The final population consists of 27.3 million users,
out which 25.2 million (92%) attended a single high school and 2.1 million (8%)
attended multiple high schools all within the a single state.

To compare the frequency of long ties across these two groups, we compute the
post-stratified mean of the fraction of long ties in each degree bin and high school
attendance group. Combinations of gender, age, and current state create 306 strata
of the post-stratification. Figure illustrates the distribution of these control vari-
ables within each high school group. The figure does not include degree distribution
as it holds a similar shape between the two groups. The remarkable observation from
figure is that the two high school groups do not differ in noticeable ways across
any of these variables, in particular the current state of residence. This gives us some
confidence that any difference between the networks of these two groups is less likely
to be confounded by a third variable compared to the previous two case studies. Our
analysis does not include migration status in the strata definition for two reasons:

first, as we see in figure [2.10 there is no noticeable difference between the two high
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Figure 2.10: The relative histogram of migration status, age, gender and current
state by the number of high schools attended. The frequencies sum to 1 within

each college attendance group. The solid line in the age distribution correspond to a
LOESS smoother.

school groups in terms of migration. Second, our analysis ensures neither group expe-
riences an inter-state migration event during high school. Similar to the two previous
case studies, our analysis compares the mean fraction of long ties between the two

groups at each degree bin.

5.2 Results

Figure [2.11] compares the fraction of long ties between users who attended a single
high school and those who attended multiple but in the same state. The left plot
compares the two groups in terms of their overall long ties frequency. We observer
that users who attended multiple high schools consistently have more long ties within
all degree brackets, which translates to about 2.0% difference between the groups on
average. However and just like the previous two case studies, the higher prevalence

of long ties in the multiple high schools group might be due to exposure to high
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Figure 2.11: The stratified fraction of long ties over all ties (left) and within the ties
who did not attend the same high school as the user (right) by the number of high
schools attended. The combination of gender, age and current state bins constitute
the stratification strata. Both plots contain 95% confidence intervals around each
point estimate, but the intervals are too small to be visible.

school friends from different communities, rather than an acquired skill. The right
plot addresses this concern by repeating the analysis only among contacts who did
not attend any of the high schools the user attended. Given a fixed degree, the
multiple high school group still has about 2.0% more long ties among contacts made
outside high school. These results indicate that individuals who attended multiple
high schools are more likely to develop long ties in ways that is not due to connections

made with diverse set of high school contacts.

6 Conclusion

There is extensive literature on how social capital is manifested in the structure of
social networks [91], 106, T10]. Many case studies, often with narrow contexts, have
documented how structure of ego-networks can affect performance of individuals [39].
Most evidence has focused on managerial performance in firms and shown actors
with access to diverse communities through structural holes tend to get paid more and

promoted faster [11, 34, 94 [145H147|. The underlying argument behind these findings
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is that certain networks, in particular those with access to structural holes, benefit
from structural diversity or access to multiple independent communities. Structural
diversity leads to better performance through multiple mechanisms such as arbitrage,
autonomy and competition [I47]. But the main mechanism is one of information
advantage and innovation which relies on the observation that each community in a
structurally diverse network is a source of novel information and opportunities that is
not available through any other community [166]. Information advantage often allows
the individual to have the right information at the right time and act fast when a
new opportunity such as employment arises [92]. Structural diversity also leads to
more innovative teams which can search for and combine information from multiple

sources during problem solving or product development [I00] [177].

Despite its important implication, the effect of structural diversity on outcomes
is rarely studied outside the firm context mainly due to data limitations. The link
between structural diversity and important economic indicators such as income or
social mobility is yet to be established. Such a link, if causal, would lead to im-
portant implications for policy makers as it adds yet another policy tool to combat
poverty and generational immbolity. We attempt to fill this gap by providing descrip-
tive evidence on the relationship between network structural diversity and economic
outcomes at the aggregate scale of US zip codes. In this study, we focus on a spe-
cific operationalizaiton of structural diversity, namely the frequency of long ties in a
network. A long tie is a link between two nodes in a network who don’t share any
mutual contact, making it likely for the edge to be a bridge between two communi-
ties. Using Facebook communication data among users residing in the US, we show
that zip codes whose networks have an abundance of long ties tend to have better
outcomes in an several economic indicators, such as income, social mobility, poverty
and unemployment. Furthermore, we show that conditioned on structural diversity,
as long ties become stronger, the zip code outcomes get even better. These findings
suggest zip codes with the best economic outcomes in the US tend to be those with

an abundance of strong long ties in their networks.

Given the importance of long ties on economic prosperity, a natural question is
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where do long ties come from and why do some people have more long ties than
others? Despite the vast literature on their performance implication, there has been
limited focus on this question and the determinants of long ties are largely unknown.
Our second contribution attempts to study the origins of long ties and factors that
enable people to create and maintain these ties. The seminal work by [Simmel sug-
gests that individuals with long ties viewed as mediators have the unique ability to
resolve potential conflicts between disconnected communities [I58]. The origins of
this ability is largely unknown and the empirical evidence is lacking. In contrast, the
existing literature on characteristics of long ties has approached this question with a
psychological lens and has characterized the personality of individuals with long ties
[38, 113, 164]. These studies confirm that people with access to long ties have an
entrepreneurial personality, enjoy disruptions and risk-taking, value authority, and

thrive on change versus stability.

The studies mentioned above treated the determinants of long ties as a matter of
personality, an innate ability, rather than a skill to be acquired. In particular, the
existing literature does not examine the processes that lead to these personal char-
acteristics, even though many of the personality correlates of long ties as discovered
by existing studies [38, 113] [164], such as risk-taking or proclivity to change, are not
innate and can develop through disruptions and experiences. We consider three ma-
jor life events that nourish such characteristics and examine whether individuals who
experienced these events have structurally more diverse networks years later than
those who do not. The three disruptions are experience for future change; they ex-
pose individuals to diverse communities and require them to form new ties with new
contacts who are potentially very different from their previous contacts. These cases
are inter-state migration, out-of-state college attendance and attending multiple high
schools, excluding international migrants. In all three cases, we find that previous
experience with any of these disruptions is associated with less clustered and struc-
turally more diverse networks many years later, in ways that is not simply due to
geographic mobility or exposure to a new community during high school or college.

Our findings suggest that access to long ties is not only a matter of personality but
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also the appropriate skill to see oneself as part of multiple groups rather than strict

categorizations, as first argued by [Simmel| [I58].

Our study has some limitations. Our evidence on the link between economic
outcomes and frequency of long ties is simply correlational. We attempted to control
for variables which could act as potential confounders, nevertheless we cannot make
causal claims given our current methodology. However, we believe with the vast
literature on the impact of long ties on the firm level outcomes, our findings are less
likely to be completely due to endogeneities since our question is the extension of

firm-level findings to the general economic outcomes outside of a firm.

Furthermore, our argument on the link between the three life events and the
frequency of long ties is not a formally causal argument. Our findings could also be
confounded with underlying differences between the comparison groups other than
the disruption. However, we hope that our evidence on three different scenarios
provide more validity to our argument. More importantly, we believe the case study
on high school changes is less likely to be confounded with personal characteristics,
thus resembling more like an exogenous shock, due to three reasons. Fist, none of
the control variables show noticeable differences in their distribution between the
the groups. Second, as opposed to inter-state migration and out-of-state college
attendance, attending multiple high schools is not a decision one takes on their own,
rather it is due to parents or other changes outside the control of the student. Third
which also applies to other two case studies, we examine the networks that form
many years after the experience, hence the link cannot be due to endogeneities that
happen in a short temporal scale. Nevertheless, it is still very valuable to establish the
causal link between these experience and network structure formally through natural
experiments. Some potential natural experiments involve closure of high schools,
inauguration of a local college or addition of a new major to a local college that
reduces out-of-state college attendance. We leave these promising studies as future

work.

We hope our study has illustrated the importance of network structure and in

particular the social capital in long ties on economic prosperity. Our findings have
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important implications for policy makers, if creating and maintaining long ties does
indeed benefit from specific set of skills. This link can potentially provide another
policy tool to empower people with the right social skills to create these beneficial ties,
not only to fuel innovation but also to combat inequality. For this reason, we believe
it is very important to continue this line of research and discover other determinants

of long ties as it pertains to skills that can be taught.
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Chapter 3

Unequal Diffusion in Networks and
Differential Network Effects on

Outcomes

1 Preface

In the previous two chapters, we illustrated two examples of how networks are linked
to economic outcomes, both at the aggregate scale of regions and at the level of
individuals. We argued that networks and in particular their structural diversity
measured in terms of long ties frequency affect the level of novel resources that are
accessible. In this chapter we argue that these network mechanisms could benefit
different groups differently. The same network structure could provide different levels
of utility to members of different groups. We provide observational evidence for dif-
ferential network advantages in access to information: individuals from the low status
group receive lower marginal benefits from networking compared to an individual from
the high status group. We attribute this phenomena to differential diffusion mainly
due to network homophily: high status individuals are mostly connected amongst
each other, they hold the most valuable resources and network homophily ensures

the resources remain exclusive. Thus, the marginal values of networking are lower
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than expected for low status individuals. We further provide causal evidence for this
unequal diffusion in the context of a randomized seeding experiment where a new
behavior diffuses in the network. We show homophily amplifies an initial advantage
in the seeded status of a group and determines which group adopts the new behavior

at a higher rate.

2 Introduction

Networks play an important role in access to business opportunities [91, 122]. The
foundational work by Granovetter [92] demonstrated that economic activity, and in
particular job search, is embedded in informal social networks. Work by Lin [123]
showed how the use of social resources in personal networks plays an important role
in socioeconomic status attainment. Thus, the composition of the local network,
the strength of the ties and in particular the structure of the network influence the
access to high quality employment opportunities. It networks influence economic
outcomes, it is fair to assume they can also lead to inequality by provision of unequal
access to economic opportunities, such as job information [I08]. The structure of the
network determines how economic information diffuses throughout the network and
whether or not it reaches different individuals. Homophily [129], or the tendency of
individuals to link with other individuals from their own socio-demographic group,
is a structural explanation behind unequal diffusion, since it ensures that a piece of
information that originates within a subgroup stays within that subgroup. If members
of one group, for example high status individuals, have a slight advantage in terms
of economic opportunities, then homophily among members of this group will result
in even larger differential advantages in terms of access to the economic information.
The homophily among members of different groups will result in unequal diffusion of
information among all members of the network, with the high status group having
the network advantage.

Unequal diffusion of information through homophilous ties is one possible mecha-

nism through which networks can exacerbate already existing inequality. This simple
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mechanism, which provides a structural explanation for network inequality, operates
through unequal diffusion of economic information to sub-groups that generate them
at a higher rate. In particular, the mechanism assumes the social network, with two

subgroups, has the following three characteristics:

1. One of the groups exogenously generates the information at a higher rate com-
pared to the other group (e.g. high social class owns businesses and generates

employment opportunities at higher rate).

2. The information diffuses through the network links. The effect of network in-
equality will exist no matter if the information is rivalrous or non-rivalrous, but

should be stronger for rivalrous information.

3. The social network is homophilous along a characteristic that is correlated with
the group attribute (e.g. business community, comprising the high social class,

mostly attend certain colleges).

If the above 3 conditions are met, one of the groups will start with an initial advantage
in terms of access to economic information. But this initial advantage will be exac-
erbated by the network, through homophilous links to other sources of information.
Inspired by models of job search and employment [41, 02|, this simple mechanism
could result in higher employment rate for members of one group compared to others
if they are tightly connected and start with an initial advantage in terms of exoge-
nous job creation. In particular, if each member of the high status group is likely to
generate an economic opportunity in each time period independently and identically
at a fixed rate higher than the low status group, then this initial advantage grows
even larger when we consider the faster rate at which information reaches the high
status individuals from other members through the network. Effectively, individual
advantages get multiplied by information arrival through the network, increasing the
inter-group gap.

The possibility of network effects on inequality have already been discussed in
the literature at a theoretical level [72]. These mechanism rely on nuanced pro-

cesses on the network, such as social learning, higher trust, network externalities or
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normative pressure that influence adoption decisions about a new behavior. For ex-
ample, DiMaggio and Garip discuss a model in which adoption decisions with positive
network externalities exhibit inter-group differences if the group characteristics are
related to the adoption [7I]. Perhaps, the closest work to ours is the model proposed
by Calvo-Armengol and Jackson [41] which attempts to provide a modeling perspec-
tive on why participation in labor force is very different between whites and blacks
[45]. Their work builds on the job search in networks literature and explicitly models
access to job opportunities through network of social contacts. The persistent dif-
ferences in employment status of agents arises from the simple fact that “the better
the employment status of a given agent’s connections (e.g. relatives, friends), the
more likely it is that those connections will pass information concerning a job open-
ing to the agent”. This happens because the contacts are employed themselves and
the employment information does not benefit them directly. The information passing
process leads to correlation in employment status of subgroups of densely connected
agents. Furthermore, the model predicts that the initial advantage of a subgroup
translates into persistent advantage in employment status and future income for the
whole group, since higher employment rates within a subgroup means new employ-
ment opportunities are generated more frequently in the subgroup and passed to very

few unemployed individuals in the group through homophilous ties.

The processes mentioned above lead to differential network advantages in access
to information, but they are not easily observable or measurable. Therefore, there
have been very little empirical evidence investigating the existence and the strength
of the phenomenon. In contrast to previous proposed mechanisms in [72] that rely
on nuanced interactions in the network, the simple mechanism we investigate here
is purely structural as it is solely a consequence of unequal diffusion throughout the
network. Hence we can easily examine the level of its impact and susceptibility of
a network to inequality by analyzing the network structure and the extent to which
different subgroups receive the information. This property makes it easy to find causal
evidence of the mechanism by tracking the diffusion of information or a behavior

within randomized experiments in which random seeds are selected exogenously as
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the initial nodes with the initial advantage of the information or the behavior.

Our goal is to provide empirical evidence for this mechanism (either in observa-
tional data or in a randomized experimental setting) within a network. To this end,
first we provide results from an observational data that suggests individuals from
a high status group receive differential benefits from their network, solely through
a correlational analysis. Using the call records from about 33,000 individuals in a
south Asian country, we find that structural diversity, measured as the fraction of
open triads in an ego-network, shows a relatively strong association with individual
income. Furthermore, the effect of structural diversity is exclusive to the individuals
from a high status group. These results provide suggestive evidence for the mecha-
nism above that concentrated distribution of economic opportunities among the high
status social strata combined with homophily among members of the same group
leads to differential network advantages for the high status group, similar to the rich
club effect. The result also suggest inadequate diffusion of economic opportunities to

the low status social strata.

Second, we will use the data provided by a randomized experiments [140] that
studied diffusion of a new behavior in a social network when a few initial nodes are
randomly seeded with the information. In this study, authors seeded an anti-conflict
intervention that was randomly assigned to initial seed students and evaluated the
causal effect of its diffusion on conflict rate, both at the school level and individual
student level. In the context of our study, we would like to show that the students
that are similar to the initial seed students are more likely to adopt the new behavior.
In other words, the effect of intervention in terms of adoption of the new behavior
on students that are homophilous with the initial seed students is larger than non-
homophilous students. In this context, the group to which the initial seed students
belong constitutes the high status class, with access to the new behavior by the seeds
acting as the initial advantage of the group. We will show that this initial advantage
by one member of the group (seed student) leads to differential advantages in terms of

adoption for other members of the group compared to non-members in the network.

The rest of this chapter is organized as followed. In section [3, we explain the
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context of the observational study and provide its results. In section 4] we provide
causal evidence for unequal diffusion in the networks, using the data collected from
a previous study of randomized seeding in networks. We finish with some concluding

thoughts in section [o]

3 Observational Study

The effect of informal ego-networks on job search can be explained by four mecha-
nisms of employer, worker, and most importantly contact and relational heterogeneity
[102]. The sociology literature on the effect of networks on economic outcomes has
mostly focused on contact heterogeneity: the variation in endowments or the micro
characteristics of contacts in the network, such as their education or gender, as dif-
ferent manifestations of social capital. For example, [127] looked at the number of
unique occupations and the proportion of white males present among the contacts
and its effect of job leads. Similarly, Elliott [76] investigates how race and neighbor-
hood location determine the level of social isolation and consequently how insulated
an individual is from the labor market. Lin, Vaughn and Ensel [123] look at outcomes
in job referrals and report that the occupational status of the contact, as a measure
of social resources, has a strong impact on the prestige of the obtained job.

In contrast to contact heterogeneity, the relational heterogeneity in an ego-network
depends on the overall structure of the ego-network and whether individual contacts
are themselves connected. The theoretical underpinning for the impact of relational
variation on economic outcomes revolves around the Granovetter weak tie theory [89].
The strong ties are associated with dense networks and triadic closures and as a result
exhibit high levels of information redundancy. In contrast, weak ties tend to be bridges
to diverse communities across structural holes [39], hence have superior information
novelty. Thus, a lot of subsequent works on the effect of relational heterogeneity
have focused on the strength of the ties to information sources, rather than the
local structure of the network. Furthermore, with the exception a recent work [125]

that looked at the link between income and the centrality position in the global
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network, there has not been any studies investigating the association between income
and structure of ego-networks. In this study, we examine the association between
income and overall ego-network structure, namely its structural diversity, as a measure
of relational heterogeneity or structural redundancy, using about 33,000 surveyed
individuals. It should be noted that any link we find between income and ego-network
structure is simply suggestive as it is based on correlations with the potential of many

endogeneities making a causal interpretation difficult.

We have three empirical contributions in this section. First, we examine the link
between the structural diversity of ego-networks and economic outcomes. Structural
diversity of an ego-network measures the level of information novelty among the
contacts purely based on their connections to each other. Second, we use income
as our measure of economic outcome instead of the prestige of the jobs obtained
through informal referral [123] or other measures limited to labor-market outcomes.
Finally, we provide evidence for the differential effects of structural diversity across
different educational levels. We show that individuals with high educational status
receive larger benefits from the same level of structural diversity when compared to
individuals with low educational status. This result is most similar to the argument
in [12I] in which Lin discusses the deficit in the return to social capital among some
groups (e.g. women in contrast to men) as a mechanism that leads to inequality. The
deficit in the return to social capital means that the marginal benefits of networking,
or structural diversity in our case, for a subgroup is smaller than the other. When
considered along with homophily and stratification across social status, the results
of [122) 123] suggest that high status individuals receive larger benefits from their
social contacts than low status individuals. This observation is in agreement with
our findings. However there is an important difference between the findings in [123]
and our findings, since in their case the differential effects are due to heterogeneity in
contact characteristics. In contrast, we report the same phenomena from a relational
perspective: high status individuals have differential advantages stemming from the

structure of their ego-networks, regardless of the characteristics of their contacts.
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3.1 Data

We use an anonymized mobile phone data-set containing one month of standard meta-
data in a developing country in South Asia. Using the calling records between cell
phone users, we can map out the local structural characteristics of the network and
link it with income, demographic characteristics and profession we obtained through
surveys. In particular we focus on a local view of the network called ego-network. The
focal node of interest is called the ego whereas all ego’s connections are called alters.
In addition to ego-alter edges, the ego-network includes all the edges between the
alters, thus enabling us to study structural factors pertaining to redundancy and tri-
adic closure [I59]. As our goal is to study the effect of informal networks on economic
outcomes measured in terms of income, we excluded those egos who do not hold a

valid occupation (student or housewife or retired or unemployed) prior to the analysis.

Income Data: The income categories for a random selection of more than 270,000
individuals across the country were obtained through three sequential large-scale mar-
ket research household surveys. 101,500 of these surveyed individuals were customers
of our phone carrier. Out of these initial 101,500 individual surveys, we restricted our
data to those who are employed (no students, housewives, unemployed or retired) and
are at least 25 years old. Furthermore, to prevent our results from getting biased by
inactive egos without enough communication data, we limited our data only to those
individuals who had a phone communication with more than 5 unique individuals
over the one month period of the phone data (Approximately 20% of individuals have
degree < 5). This smaller subset of surveys accounted for 32,870 subscribers who
we treated as the egos in our analysis. Information about income was directly asked
from the respondents, who were requested to place themselves within pre-defined in-
come bins. Several other demographic characteristics such as education, gender, age
and occupation were obtained through the same survey. Survey participants were
distributed across 220 sales territories proportional to their population so that there

were overall about 400 surveyed households in each sales territory. Participant eligi-
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Table 3.1: Survey relationship between household income categories and correspond-
ing range in US dollars.

Income Monthly Fre-
Household Income
Category ($) quency
1 0-33 1895
2 33-78 9351
3 78-130 29718
4 130-195 28532
5 195-260 17841
6 260-325 9995
7 325-390 4536
8 390-455 3752
9 455-520 2341
10 520-585 929
11 585-651 999
12 651-1301 966
13 1301+ 274

bility was defined as individuals with their own phone, between 15 and 65 years of
age. The monthly income values were coded as ordinal categories from 1-13. Table
[3.1] summarizes the correspondence between the income categories and their actual
monetary value after conversion to US dollars. The Pearson correlation between the
projected average income per region based on the survey results and their actual

values published in official statistics is 0.925.

Social Network Data: We used one month of raw Call Detail Records (CDR)
for all carrier subscribers to construct a large-scale undirected call graph, in which
two individuals are connected if there is a call between the two in both direction
during the observation period. Edges in the call graph can be weighted by the total
number of phone calls between the two individuals during the observation period,
but for the purpose of this study we only considered unweighted graphs. From the
full call graph, we extracted individual undirected ego-networks corresponding to the
surveyed individuals for whom we also have income and demographics information. It
is important to note that the ego-networks only contain the reciprocal links to avoid

spurious one-time contacts (e.g. telemarketing) to influence our results.

79



3.2 Methods

The general strategy of this correlational study is to define several variables that
ultimately come into play in a regression analysis that allows us to investigate the
association between structural diversity and income, and the presence of differential
effects by social status.

Dependent Variable: Since the income is not observed as a continuous variable, we
use the middle income value in each category as representing its actual income value.
As confirmed in Table [3.1] the raw income values exhibits a log-normal distribution.
Therefore, middle income value of the category in USD converted to the log-scale will
serve as our dependent variable.

Independent Variable: Structural diversity serves as our main independent vari-
able. There are multiple operationalizations for structural diversity, all of which
measure the extent of structural non-redundancy among alters. We replicated our re-
sults using clustering coefficient, density and weighted structural novelty, a measure
similar to normalized network effective size discussed in [34], and obtained similar
results. Therefore, we only focus on clustering coefficient as the operationalization of

structural diversity.

Clustering Coefficient measures the fraction of closed triads in an ego network.
Sparsity and in particular open triads in an ego network is an indication of structural
holes and that the ego acts as a bridge between the alters, who belong to different
communities. Low clustering coefficient also means that there is little redundancy
in the ego network and most alters act as novel sources of information. Since lower
values of clustering coefficient correspond to sparsity, we use (1 - clustering coefficient)
as our measure of structural diversity. This would effectively measure the fraction of
alter pairs between whom ego acts as a bridge which indicates the extent to which

ego acts a information broker in their network.

In addition to structural diversity, we use the level of education to demonstrate
the differential effect of diversity across different social strata. The country of our

interest experiences an excessive level of hereditary stratification and for this reason
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we believe education serves as a sufficient proxy for social status. Education will
be coded as a binary variable, with high corresponding to high school, Bachelors or
Masters and low corresponding to illiterate, primary school or middle school.

Control Variables: In order to control for possible confounders with income, we
will include profession (a categorical variable), gender, level of education (a binary
variable), age (an interval variable) and the home location of each ego on a 5x5
grid over the country (a categorical variable) as control variables in our regression
analysis. Including age ensures we compare income values along the same career
phases and allows us to control for long-term changes in communication patterns that
are associated with variation in income. By controlling for location fixed effects, we
obtain a more justified comparison of income opportunities between individuals across
vastly different geographical areas (e.g. urban vs. rural). The log degree of the ego
must be present as another control variable in the model, because various measures
of structural diversity (e.g. clustering coefficient) are correlated with degree and have
different scales or reasonable ranges as the ego network grows larger. For example,
as the degree of the ego increases, a fully connected ego-network, corresponding to
a clustering coefficient of 1, becomes more unlikely since the edges between alters
are not independent and in particular depend on the size of the ego-network. The

clustering coefficient and log degree have a correlation of 0.4 in our data.

3.3 Results

The equation below demonstrates the model we will use in the regression analysis:

Y = Bo+ B1* Lnigh + B2 SD + B3 % SD * Inign + C + € (3.1)

where Y and SD corresponds to income and structural diversity respectively and g,
is an indicator variable taking a value of 1 when ego belongs to the high education
group and 0 otherwise and C' corresponds to the control variables. We have three

main hypothesis:
1. More structurally diverse networks are associated with higher income: £y > 0
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Table 3.2: Full Regression Results. Each column successively adds more controls
variables to the model. High Education and Gender are binary indicator variables.
Age, Profession and Location are all categorical variables and not shown among the
control variables, but their corresponding rows indicate in which models they are
included. Structural diversity is measured by clustering coefficient, but the results
for other operationalizations of structural diversity are similar. Degree exhibits a
power law distribution, thus it is transformed to log scale. Both Structural diversity
and degree are standardized.

Log Income

(1) (2) (3) (4) (5)
Structural Diversity  0.019**  0.019** 0.019** 0.008* —0.003
(0.004)  (0.004) (0.004) (0.004) (0.004)

Structural Diversity: 0.033**  0.035** 0.034** 0.033*** 0.025***

High Education (0.007) (0.007)  (0.007) (0.006) (0.006)
High Education 0.489***  (0.482** 0.487** (0.305** (0.291***
(0.007) (0.007)  (0.007) (0.009) (0.008)
Degree 0.047**  0.048*** 0.048"* 0.033*** 0.036***
(0.004) (0.004)  (0.004) (0.003) (0.003)
Gender Female 0.081** 0.094** 0.095** (0.072***
(0.012)  (0.012) (0.012) (0.011)
Age Included No No Yes Yes Yes
Profession Included No No No Yes Yes
Location Included No No No No Yes
Number of Variables 5 6 13 29 44
Observations 32,870 32,870 32,870 32,870 32,870
R? 0.158 0.159 0.168 0.243 0.301
Adjusted R? 0.158 0.159 0.167 0.242 0.300
Residual Std. Error 0.581 0.581 0.578 0.551 0.530
F Statistic 1,537.8* 1,241.0* 551.9*** 376.2*** 329.3***
Note: *p<0.1; *p<0.05; **p<0.01
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2. Everything being equal, individuals with low education level have a deficit in

their economic outcomes: 3; > 0.

3. Individuals from a high education level have a larger return to the structural
diversity of their networks: g3 > 0. Note that the return refers to the marginal

effect of structural diversity.

Table shows our regression results where structural diversity is measured as
clustering coefficient and in each column we successively add more control variables.
We make two main observations from the results. First, all three hypothesis are
validated in all models, with the exception of hypothesis 1 in model 6. Second, in
model 6 which includes location fixed effects, structural diversity provides no return
on income for the group with low education. Effectively, only individuals with high
education benefit from access to structurally diverse sources of information. We
obtained similar results using the other two operationalizations of structural diversity,
which points to the robustness of these observed effects.

It should be noted that females in our data tend to have higher income than
men; because while women in our country of study are generally housewives, those
women who are employed disproportionately hold better paying jobs such as teacher
or government worker. Nevertheless, when we define social status in terms of gender
(Inign would be an indicator variable taking a value of 1 when ego is male and 0 when
ego is female), we obtain similar results. We again observe that men have larger
marginal benefits to structural diversity than women, suggesting that women have a
deficit in returns to networking, a well-documented phenomenon in various context
[30] 128 [132].

These results suggest that information and economic opportunities are not dis-
tributed uniformly across the social network and high status individuals have an
advantage in terms of their returns to networking. A potential mechanism that ex-
plains the differential returns to structural diversity relies on homophily. When the
concentration of information about economic opportunities within high status and in-

fluential social strata is combined with strongly homophilous ties among individuals
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from the same social strata, the result is differential benefits of high status individuals
from networking.

We again note that these claims are in no way causal since for establishing the
causality we either need an appropriate instrumental variable in place of structural
diversity and social status or have to conduct a randomized experiment. Nevertheless,
we believe the observation of such differential effects, matching our theoretical expec-
tation, provide more credibility to our proposed mechanism of network inequality. In
the next section, we discuss a randomized seeding experiment that provides causal

evidence for our proposed mechanism.

4 Causal Study

In the previous section, we provided suggestive evidence that networks provide a
mechanism for increasing inter-group differences in terms of access to information
by amplifying any initial advantages by members of one subgroup. We can think of
structural diversity as the amount of novel information each individual receives from
its network and the interaction term in equation captures the extra information
high status group receives by amplifying the individual advantages of each member of
the group. However, our regression analysis might suffer from endogeneities between
income and the initial economic advantages of the high status group. In order to
address this problem and obtain a causal estimate for the network effects on unequal
diffusion of information, we need an exogenous variation in the initial advantage of
a subgroup in the network. Furthermore, the attribute(s) that defines the subgroups
should exhibit a high degree of assortativity in the group. Random seeding of members
in the network with a new behavior or a piece of information which diffuses throughout
the network provides an ideal setup to identify the causal effects of the network. In
this context, the random selection of a seed individual constitutes an initial advantage
for the group to which the seed belongs to. Thus, the seeded subgroup will represent
the high-status group and the exogenous variation in status of a subgroup enables us

to identify the causal effect of the network on unequal diffusion.
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For this study, we reuse the data already collected from a randomized experiment
that aimed to estimate the direct and indirect (through diffusion) effects of an anti-
conflict program in New Jersey middle schools [I40]. This study aimed to measure
the efficacy of anti-conflict interventions in changing various outcomes of interest,
such as school-level prescriptive norms about conflict or total number of reported
conflict incidents. The researchers argued that encouraging and training a small
number of students to take a public stance against conflict will have school-wide
consequences since the new anti-conflict behavior will diffuse throughout the network,
especially if the selected seed students are well-connected or social referents in the
school network. The authors carefully measured the full social network in all schools
prior to the intervention. At the beginning of the school year, between 20 and 32
students depending on the school size and blocked by grade and gender were randomly
seeded with the anti-conflict intervention. The intervention had various components
such as assisting seed students to identify conflict behaviors, creating online and
offline social campaigns against conflict or distributing orange wristband representing
a public stance against conflict. The diffusion of these practices from the seed students
did in fact change the norms of conflict and reduced the overall level of conflict by

about 30%.

Our goal is to uncover the differential diffusion of the anti-conflict behavior, if any,
to different subgroups depending on the random composition of the seed students. For
this reason, we only focus on the randomly treated schools that actually did receive
the intervention and evaluate whether the choice of initial seed students increases the
adoption probability of other students from the same subgroup as the seeds. As GPA
exhibits high levels of homophily, we define our two subgroups of interest as students
with high or low GPA and evaluate if a seed group of predominantly high (low) GPA
causes other students with high (low) GPA to wear the anti-conflict wristband. The
schools show very high levels of assortativity at both gender and grade level, hence we
believe diffusion from one gender-grade group to another is very unlikely. Therefore,
we investigate the differential adoption rate in grade-gender subgroups depending on

the composition of seed students within that grade-gender subgroup. The treatment
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to each unseeded student takes a linear form as the number of seeds within the same
grade-gender group that have the same GPA as the student. Using both random-
ization inference and inverse probability weighting, we find significant linear effects
for the number of same GPA students in the seed set on the average adoption of un-
seeded students. These results provide a causal evidence for the mechanism we have
posited for unequal diffusion in a network. An initial advantage by the members of a
subgroup (exogenous seeding of a GPA subgroup) introduces differential advantages
for other members of the same subgroup compared to the rest of the network (as the
number of seed students within a GPA group increases, the unseeded students from

the same GPA group are more likely to adopt the new behavior).

4.1 Data

The original study conducted treatment randomization at two levels of school and
within school. At the school level, out of the total 60 middle schools, half were controls
and did not receive the anti-conflict treatment. Out of 24191 students in all schools,
11,938 are in treated schools. Within schools, randomization was conducted on the
basis of seeding a limited set of students, referred to as seed-eligibles representing
15% of school population, with the anti-conflict program. Out of 24191 students in
all 60 schools, 2943 were eligible to be selected as a seed. Out of all the seed-eligible
students, 1456 students eventually became seed-eligibles in the 30 treated schools,
and among these 1456 seed-eligible student, half of them were randomly selected to
be actual seeds. The seed-eligible students and the selection of actual seeds were
blocked by grade and gender. There were on average 26 seeds in each treated school.
Out of 11,938 students in the treated schools, 5,754 were not directly connected to
any seed student. These students will be the focus of our study as their exposure to
the new behavior initiated by the seeds are through diffusion in the network.

Prior to the start of the intervention, the researchers mapped out the full network
of all schools by asking each student to nominate up to 10 students they are close
friends with and look up to. This network structure serves as the backbone of our

analysis on the diffusion of the new anti-conflict behavior, originating from the seeds.
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The research also collected various attributes, such as gender, grade, age, GPA, home
language and race per each student. We will use these attributes to define subgroups
within the school network and measure the extent of homophily along each subgroup
characterization. We will also use some of these variables as controls in the regres-
sion model we develop to estimate the causal effect of network on adoption. The
survey also included several question about prescriptive (descriptive) norms about
the conflict at the school. Repeating the same survey questions about the conflict
norms after the intervention allowed the researchers to evaluate the effectiveness of
the intervention program.

As part of the anti-conflict treatment seed students received, they were encouraged
to give an orange wristband with the anti-conflict intervention logo to any student
who engaged in conflict-mitigating behavior. The goal of this activity was to increase
awareness about conflict and promote higher diffusion of the new anti-conflict be-
havior at the school. Since our goal is to study the effect of seed group composition
on differential adoption of a behavior, we focus our attention on the 30 schools that
received the treatment. Furthermore, we use the adoption of the wristbands by each
student as the new behavior (dependent variable) that diffuses through the network.
We make this choice because the wristband adoption seems to be the only outcome
variable with high rate of diffusion throughout the network, which makes detection

of unequal diffusion, if any, easier.

4.2 Methods

In simplest terms, we will attempt to find evidence for the following hypothesis.
Members of a group that have more students belonging to that group in the seed set
are more likely to adopt the behavior. As the composition of the seed set is random,
the differential adoption by members of a specific group that is well-represented in
the seed set compared to the other groups will be a causal effect. We will show
this by computing the linear effect of number of seed students from a group on the
adoption rate of other students from the same group. We further will show that the

observed effect is positive and significant through randomization inference and inverse
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Figure 3.1: The Histograms of assortativity measures among all treated schools. Each
plot shows the extent of homophily in schools by a different assortativity attribute.

probability weighting. As we are interested in unequal diffusion as our mechanism,
we will estimate the effect of seed composition on the limited set of students that
are not seeded and are not directly connected to a seed student, excluding students
that are directly connected to a seed as any effect on them cannot be characterized
as diffusion. We will refer to these student as control, as opposed to directly treated

(seed) or indirectly treated (connected to a seed).

In the original study, adoption of anti-conflict wristbands is the outcome that
achieved the highest level of adoption (most wide-spread diffusion in all schools). For
this reason, we will focus on the diffusion of this behavior and attempt to provide
causal evidence for its unequal diffusion depending on the composition of original seed
students. In order to find evidence for differential diffusion of wristband adoption,

we first need to characterize the subgroups of students whose links are homophilous.
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Figure 3.2: The histogram of seed eligible students’ GPA in treated schools. The red
line indicates the median GPA within that school. Any student to right (left) of the
red line belongs to high (low) GPA subgroup.

Figure [3.1] shows different attributes for which we could define the distinct groups in
the network and the level of homophily in the school networks for that attribute.

As illustrated in Figure gender and grade exhibit the highest levels of ho-
mophily in the school networks. But the initial seed students are blocked at the
gender and grade level. As a result, the randomization process will not generate any
variation on the number of seed students from any grade or gender subgroup. This
makes both grade and gender unsuitable as the attribute defining the homophilous
subgroups. We cannot use age as the group attribute either since it is highly corre-
lated with grade and randomization inference won'’t generate enough variation in the
age composition of the seed set. The only remaining attribute that exhibits high lev-

els of homophily in the school networks is GPA. We have converted GPA to a binary
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variable for which high (low) signify a GPA above (below) the school median. Figure
[3.2] shows the extent of GPA variation among seed eligible students. We observe that
the randomization can generate considerable level of variation in the number of seed
students that belong to each GPA group. As a result, we will use binary GPA as the
group attribute in the schools and show that homophily in terms of GPA leads to
unequal diffusion of wristband to students of a specific GPA group depending on the

(random) composition of the seed set.

Furthermore, as the schools exhibit very high degrees of homophily in terms of
grade and gender, we believe the composition of the seed set in one gender-grade
group should not have a considerable effect on the adoption of students in a different
gender-grade group since the diffusion across gender-groups is likely to be minimal.
For this reason, we define the seed set GPA composition within grade-gender groups
rather than at the school level. This also fits well with the experimental design of the
original study since randomization was blocked by grade and gender. By defining the
seed set composition at the grade-gender level, we also reduce the maximum number
of seed-eligibles from a GPA group to 15 rather than 56 at the school level. This
smaller number also makes the analysis easier as the effect of seed composition on

adoption is likely to be concave.

The treatment effect on a control student is a linear effect, rather than a binary
one, since treatment effect depends on the number of seed students within the GPA
category of the control student. The effect is likely to increase as the number of
same-GPA seed students increases. Hence, we fit a model to the data that includes
the number of same-GPA students as a linear term. In other words, there will be
a maximum of 15 treatment conditions corresponding to the maximum number of
seed-eligible students that belong to a specific GPA category at the grade-gender
level. In this context, our estimated quantity will be the marginal effect of having
one more seed student from a GPA category on the adoption of a control student
from the same GPA category and grade-gender group as the seed student. We will
evaluate the significance of the estimate using randomization inference with 1000

permutations that exactly follow the randomization process used in the original study.

90



The Fisherian null hypothesis will be that the GPA composition of the randomly
selected seed students has no effect on the adoption rate of all control students. The
model we fit on the observed data and the randomized permutations of seed students

is as followed:

}/z'j = Oéz'j + TNZ'j + ’}/Cij + uij (32)

where Y;; is the observed adoption outcome of student ¢ in school j, N;; is the number
of seed students in the same grade-gender group and with the same GPA as the
student i. Cj; is the list of control variables. We include home language and perception
of student’s home by its friends in the control variables since they correspond to
economic and minority status of the student. These two variables were also included as
control variables in the fitted model of the original study. We also use the population
in the student’s grade-gender group as another control variable in the model, since the
adoption rates and in general the efficacy of the intervention seems to be smaller in
larger schools. Finally, grade and gender fixed effects and the population of students
at the grade-gender level from the GPA group of student i are the additional control

variables in the model.

A more interesting alternative hypothesis is regarding the interaction of GPA as-
sortativity and number of same-GPA students in the seed group. We would expect
that as the assortativity in terms of GPA at the school (or school-grade) level in-
creases, the adoption rate of students with the same GPA as a seed student will
increase. We can estimate this effect as an interaction term in the linear model of

adoption above. We will analyze this effect in future work.

In addition to randomization inference, we will also estimate the quantity above
using inverse probability weighting of the treatment condition and make inferences
with cluster-robust standard errors at the school level. We choose the clusters to be at
the school level, rather grade or gender levels, to be conservative about independence
between clusters. Inverse probability weighting (IPW) requires each observation to

have a non-zero probability of receiving all possible treatment conditions. There
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Figure 3.3: Mean residual adoption rate of control students versus the number of
seeds from the GPA group of the control student. Grade-gender population, home
language, house quality, gender, grade and control student’s GPA group population
at the grade-gender level are controlled for in the adoption rate. The bars correspond
to standard error of the mean. The effect of the seed composition seems to taper off
at a threshold of 2 seed students from the same GPA group as the control student.

are 15 treatment conditions in our data corresponding to the maximum number of
seed-eligibles from a grade-gender-GPA group. However, many of these treatment
conditions are impossible for most control students since they are in smaller schools
and don’t have that many seed-eligible students within their GPA group. Therefore,
if we estimate the marginal effect of the seed composition using IPW with all possible
treatment conditions, our data will become extremely restricted. One way to address
this problem is to estimate a threshold for the number of seed students within the
grade-gender-GPA group of the control student beyond which there is no further
marginal effect on the adoption of the control student. This approach is reasonable
since the effect of the seed composition on adoption of control students has decreasing
marginal returns. Figure [3.3]| shows the mean residual adoption rate grouped by the
number of seed students from the GPA group of the control students after removing
the effect of control variables in equation [3.2l We observe that there is almost no
extra effect by the seed composition beyond 2 seed students from the same GPA
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Figure 3.4: The observed effect of the number of same-GPA seeds as the control
student vs its distribution under Null obtained through randomization inference at
grade-gender level. Left column shows the distribution of regression coefficient ob-
tained through randomization inference and right column shows the RI distribution
of the F-statistic from comparison of the model with seed GPA composition vs a
model without it. Red lines correspond to the estimate from the observation. The
two-tailed p-value for the coefficient (left) is 0.019 and the one-tailed p-value for the
F-statistic (right) is 0.011.

group as the control student. Hence, we used 2 as the cap for the number of same-
GPA students and converted all values above that to 2. This allowed us to retain

47% of the control students in the inverse probability weighting regression analysis.

4.3 Results

Figure |3.4] shows our main results from randomization inference. We observe that
the marginal effect of same-GPA seed student is positive and significant at the grade-
gender level, in the direction our hypothesis predicted. The estimated effect of 0.006
means that having one more seed student in the grade-gender group from the same
GPA category increases the adoption probability of a control student by 0.6%. This
effect size is nontrivial as the total adoption rate among all treated schools is only
11% and the seed group at the grade-gender level can easily contain 4 students from

a specific GPA group.
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Table 3.3: The inverse probability weighted regression of control student’s wristband
adoption on the number of seed students from same GPA and grade-gender group as
the control student. Model 1 only includes the population of the grade-gender group
as a control variable, whereas model 2 includes all the control variables mentioned in
equation . The standard errors are clustered at the school level.

Dependent variable:
Wristband Adoption

(1) (2)

Constant 0.210* 0.187*
(0.038) (0.057)
Number of Same GPA Seeds 0.030* 0.037**
in Grade-Gender Group (0.012) (0.009)
Grade-Gender Group Population —0.002%** —0.001*
(0.0004) (0.0005)
GPA Group Population —0.001
in Grade-Gender Group (0.001)
Home Language Not English 0.017
(0.054)
House Quality 0.031*
(0.015)
Gender Male —0.053*
(0.022)
Grade Fixed Effects Included No Yes
F Statistic 8.733 17+ 4.18%K*
(df = 2; 2101)  (df = 9; 2094)
Observations 2,104 2,104
R? 0.031 0.044
Adjusted R? 0.030 0.040
Residual Std. Error 0.595 0.592
(df = 2101) (df = 2094)
Note: “p<0.05; *p<0.01; **p<0.001
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We observed that excluding the grade-gender population as a control variable
made the distribution obtained through randomization inference biased toward neg-
ative values and not symmetric around zero (not shown here). The randomization
inference distribution becomes centered around zero when we control for grade-gender
group population. This suggests that the adoption rate decreases by population size
of the grade and gender groups and population is positively correlated with number
of same GPA seeds. This observation is further confirmed when we note that effect
of grade-gender population is negative and highly significant (in table .

Table [3.3] shows our results from inverse probability weighted regression of control
student’s wristband adoption on the number of seed students who belong to the same
GPA group as the control student. The probability distribution of treatment levels is
hypergeometric since the number of seed-eligible students and selected seeds are fixed
in each grade-gender group. The estimated effect of seed composition on adoption is
significant and in the direction predicted by our hypothesis. We should note that the
estimate in table [3.3]is different from the one shown in figure[3.4] for multiple reasons.
First, the estimate and the distribution computed in figure do not use inverse
probability weights, hence they are computed on a much larger sample. Second and
more importantly, since the randomization inference does not use IPW, there is no
need to cap the number of seeds from the control student’s GPA group. In other
words, the computation of the estimate and the distribution in figure uses all

possible treatment levels, ranging from 0 to 15 seed students from a GPA group.

5 Conclusion

While there has been many studies on negative impacts of inequality or how to ad-
dress it through macro-level instruments, there has been very little focus on the
micro-mechanisms that generate unequal outcomes. Previous studies have discussed
how networks play an important role in economic outcomes such as access to employ-
ment opportunities and others have even discussed network effects on inequality at

a theoretical level. One way networks can regenerate inequality is through unequal
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diffusion of economic information to members of the network. Here, we discussed a
simple diffusion-based mechanism which predicts that if members of a group start
with a slight initial advantage in terms of access to the economic information, the dif-
fusion process will amplify this advantage further leading to more unequal outcomes
between different groups in the network. This simple mechanism requires a group
to start with initial advantage and the network to be homophilous in the attribute
that defines the groups. The main driving force behind the network mechanism is
homophily, hence the mechanism purely depends on the structure of the network.
The structural nature of this mechanism makes it easy to investigate whether it oc-
curs and measure the impact it has in generating unequal outcomes in networks with

known structure.

In this chapter, we provide both suggestive observational evidence and a causal
confirmation for this mechanism. The observational evidence, while purely correla-
tional, lends some credibility to a consequence of our proposed mechanism for net-
work inequality that high status individuals receive larger marginal benefits in terms
of wealth from their networks compared to low status individuals. The causal study,
conducted as a randomized experiment of seeding in networks, evaluates the extent
of diffusion to different parts of the network. Using the data from a previous ex-
periment, we show that depending on the composition of initial seeds that receive a
treatment to adopt a new behavior, other network members not directly connected
to but belonging to the same group as the seeds are more likely to adopt the behavior
compared to other network members. The information that diffuses in the network

is the adoption of an anti-conflict stance in New Jersey high schools.

We show that the students who belong to the same GPA category as the initial
seed students are more likely to adopt the anti-conflict behavior. In other words, the
initial advantage by one member of a GPA group (being selected as a seed student)
leads to differential advantages in terms of adoption for other members of the same
GPA group compared to non-members in the network. In particular, we find causal
evidence that the existence of one more seed student within a grade-gender block and

with the same GPA category as an untreated control student, increases the adoption
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probability of the control student by at least 0.6%.

While the outcome we have studied in the causal study is not economical in nature,
it nevertheless serves as a self-contained and easy to measure prototype to illustrate
the potency of the proposed mechanism behind unequal diffusion. We expect the same
mechanism to play an even more important role in diffusion of economic information
that are often rivalrous. As future work, we plan to evaluate the unequal diffusion
of information about a desirable but limited insurance product among members of a
village where some farmers are randomly selected to be the initial seeds that receive
the information about the insurance product. In this context, we will illustrate the
existence and measure the extent of unequal diffusion among homophilous gender

groups in the village.
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Chapter 4

Unequal Diffusion: A Stochastic
Network Model with Brokerage

1 Preface

In the previous chapter, we provided observational evidence of differential network ef-
fects across different groups. We attributed this effect to unequal diffusion of valuable
resources such as information. We argued that unequal diffusion happens due to ho-
mophily and provided causal evidence for it within a randomized seeding experiment
in networks where a new behavior diffused at a higher rate to groups to which the ini-
tial seeds belong. In this chapter, we introduce a random network model to examine
how network structure leads to unequal diffusion. We discuss the model properties
pertaining to diffusion and present some empirical results. Our results indicate that
homophily does not fully explain the extent of unequal diffusion in a network and one
should also consider the extent of cross-group brokerage when considering unequal

diffusion.
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2 Brokerage and Unequal Diffusion in Latent Space

Networks

Before discussing the main model, we quickly introduce a simulation based on the
latent space network approach [96] that illustrates how brokerage in network structure
leads to unequal diffusion or higher assortativity [133] on diffusion paths. The nodes
are distributed on the real line which constitutes the one dimensional latent space.
We consider nodes with positive and negative latent variable to belong to two different
groups and have the probability of an edge between them to decrease with the distance
between two nodes in the latent space. The various distributions one can employ
for the latent variable allows the model to capture homophily and varying degrees of
brokerage. Figure[4.1a]depicts how a change in distribution of the latent variable leads
to few nodes of high brokerage whose latent variable is close to zero. When the nodes
are distributed according to the standard normal, there will be many positive and
negative nodes close to zero with an edge. However, when the nodes are distributed
according to a normal mixture centered symmetrically at positive and negative values,
very few nodes from positive and negative groups close to zero will account for the
majority of cross-group links. Figure shows while assortativity along paths of
length 1 decreases as cross-type edges appear, assortativity along paths of length 2,
akin to diffusion assortativity, can remain high if the network exhibits high brokerage.
Results suggest that even networks that are extremely homophilous on paths of length
1 can have high levels of mixing when one considers paths of length 2 or 3. However,
networks that exhibit a high level of brokerage can still have high levels of assortativity

on diffusion paths, hence be more susceptible to unequal diffusion.

3 Introduction

Diffusion of information in social networks determines who gets access to a valuable
piece of information, such as a new investment opportunity. The structure of the

network plays an important role in which individuals or groups receive the valuable
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Figure 4.1: Nodes with negative or positive latent variable belong to distinct groups.
Top distribution in panel @ corresponds to a network where cross-group edges are
almost equally distributed whereas the bottom distribution corresponds to a network
with few nodes of high brokerage close to zero. Panel (]ED shows how assortativities
along paths of length 1 and 2 vary as the distribution of nodes on the latent space
varies. Each point corresponds to a network model as we vary the variance of normal
distributions and the distance between them in the mixture. Different colors corre-
spond to varying levels of brokerage. For a fixed level of assortativity on paths of
length 1, as brokerage increases, assortativity on paths of length 2 also increases.

information. Certain network structures are more likely to keep a piece of information
exclusive to one group, thus leading to unequal diffusion. For example, if there
are very few social links between people of different races, the information about a
new employment opportunity that is generated among one race might never reach
individuals of the other race [43]. Many existing network models aim to explain
the absence of diffusion from one group to another through assortative mixing [134].
Assortative mixing, or simply assortativity, captures the bias in forming edges with
similar characteristics. It is also referred to as homophily which simply means that
attributes of nodes are correlated across the edges. For example, in social networks
individuals have a strong tendency to form links with other people who are similar
to them in terms of age, language, socioeconomic status or race.

Stochastic Block Model (SBM) along with its variants such as degree-correction

[114] are an important class of these models that explicitly account for assortative
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mixing in networks. SBM is a generative random network model for modeling blocks
or groups in networks. It has been widely used in computer science and social sciences
to model community structure in networks [} [78, 98], 148 174, I75]. In its original
form, vertices in a network exclusively belong to one of the K groups (or blocks) in the
network. Each pair of vertices form an edge independently of other edges or vertices.
Edge formations between any pairs of two groups are independent, identical and solely
determined by the group membership of the pair of vertices. If g; € {1,2,..., K}
corresponds to the group of vertex i, then a K x K matrix, P, determines the edge
formation probabilities between any pair of vertices. The probability of an edge

between any pairs ¢ and j is the (g;, g;) element in the matrix, Py, ;..

This simple model can produce a variety of interesting network structures. For
example, an edge probability matrix in which diagonal entries are much larger than
off-diagonal entries produces networks with densely connected groups and sparse con-
nections across groups. The ability to model such community structure is the main
reason SBM can capture assortative mixing in a network. This has led to the pop-
ularity of SBM as one of the main methods for community detection. SBM does so
by generating random networks that match the observed network in terms of the fre-
quency of within-group and cross-group edges. The fitted model matches the observed

assortativity or homophily in expectation.

SBM or its degree corrected version assume that within-group and cross-group
edges are distributed “uniformly” across all pairs: the existence of an edge between
any two pairs is identical to other similar pairs. In the case of degree-corrected SBM
(DC-SBM), after conditioning on degree two nodes are similar in terms of their cross-
group edge formation. In reality, many real networks have heterogeneous propensities
in edge formation to various groups. In most cases, social networks exhibit a pattern
of brokerage which means cross-group edges are not distributed uniformly, instead a
small subgroup of nodes hold a disproportionate level of cross-group edges. Simmel
was the first to introduce the concept of network brokerage in triadic relations [I5§].
Burt later advanced our understanding of brokerage by introducing the concept of

“structural holes” between two unconnected communities, across which brokers act as
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Figure 4.2: A random network with brokerage, in which a disproportionate fraction
of cross-type edges are held by a small number of nodes. All nodes have the same
expected degree so comparison with baseline SBM is appropriate. The size of each
node corresponds to the number of its out-group edges. Majority of the nodes have
a small probability of forming out-group links, but a small number of broker nodes
have a much higher probability of forming links to out-group brokers.

intermediary [34]. These broker nodes play an important role in connecting otherwise
disconnected communities, moving information between them, and acting as an inter-
mediary for resource exchanges. Due to their unique position in the network, brokers
benefit from various types of advantages, for example access to diverse information or
opportunities for arbitrage in exchanges. However, these advantages to brokers might

lead to some costs to other actors in the network or the network as a whole.

In the context of SBM, network brokerage occurs when a few nodes in the network
have higher propensity to connect with an out-group than other in-group nodes.
Figure [4.2] provides a visual example of a network with brokerage in which a small
number of broker nodes have a higher probability of forming links with brokers of the
out-group, hence maintaining majority of cross-group edges. While brokers play an
integral role in connecting otherwise disconnected communities, they can nevertheless
act a bottleneck by reducing the number of possible paths between any two groups
when compared to a similar network with cross-group ties uniformly distributed across
the network. Because brokers hold a disproportionate number of cross-group ties, they
can constrain diffusion of information from one group to another. In this paper, we

argue that one needs to not only look at homophily or assortativity on paths of length
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1, but also on the extent of assortativity of all possible diffusion paths of varying
lengths to completely account for unequal diffusion in networks. We then attempt to
incorporate the heterogeneity in edge propensities and in particular brokerage into
class of Stochastic Block Models and show that by doing so the model better explains
unequal diffusion of information.

We show that while directly fitting for assortativity on paths of length 1, SBM fails
to accurately capture (diffusion) assortativity on longer paths in real world networks.
In section [4, we discuss SBM and some variant models and show that they consis-
tently under-estimate the observed assortativity on paths of length 2 in 56 school
networks, even though these models explicitly accounts for assortativity on paths of
length 1. In sections [5, we develop out model which account for node heterogene-
ity in brokerage and by doing so match assortativity on paths of length 1 and 2 in
expectation. In section [0, we provide the results from fitting the school networks to
our model and show that even though not explicitly modeled for, it closely matches
assortativity on paths of length 3. In the remainder of this document, we mostly
focus on Assortativity of path length 2 as opposed to longer paths and refer to it as

Diffusion Assortativity.

4 Background

4.1 Assortativity

Before discussing the Stochastic Block Model and its properties regarding diffusion,
we need to explain the assortativity coefficient, a common way to quantify the level of
assortative mixing in a network. The assortativity coefficient in a directed network,
which quantifies the bias in favor of edges between in-group nodes, is defined as below

[134].

Z Crr — Z a'rbr
1-=>ab,

P —
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where the quantity e, is the fraction of total (directed) edges from a node in group
r to a node in group s, a, is the fraction of total edges from a node in group r and
b, is the fraction of total edges to a node in group r. Below we denote the adjacency

matrix as A and the group of node i as g;.

Z Aij 691,7"593'78
Z?]
Crg = ————— a, = E Crs b, = E Cor (4.2)
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The numerator in equation is simply the modularity of the network, another
quantity for the strength of community structure in networks [86l 135, 136] that
measures the fraction of in-group edges minus its expected value if the stubs were
randomly rewired. The assortativity coefficient is effectively the scaled modularity
such that —1 < () < 1. The (1) superscript in equation indicates assortativity

is measured on paths of length 1.

4.2 Assortativity on Longer Paths

We can define higher order measures of assortativity to quantify the level of assortative
mixing along diffusion paths. For example, to compute assortativity on paths of length
2 on a (directed) network, we first construct its corresponding network along paths
of length 2 forbidding the traversal of the same edge multiple times and call it the
second order network. In this network, there is a (directed) edge from node i to j
for every path of length 2 from i to j in the original network. The assortativity of
the second order network corresponds to assortativity along paths of length 2 in the
original network denoted by 7). The second order network will be a multi-graph with
potential self-loops, both of which are compatible with the definition of assortativity
in equation A similar measure to our diffusion assortativity, but in terms of

degree assortativity, is discussed in [13].
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4.3 Stochastic Block Model

The Stochastic Block Model (SBM) [97] in the most basic form of network models
that allow for communities and heterogeneous edge formation between them. It as-
sumes edge formation between a pair of nodes solely depends on their observed block
membership and is independent of other pairs. Consequently, all nodes within a block
in SBM have the same binomial distribution for their in-group and out-group degree.
Often, the SBM is characterized with an matrix whose elements determine the proba-
bility of an edge between any pair of blocks. For example, if we assume two groups in

the network, the probability matrix for the undirected SBM has the following form.

P P11 D12 (4‘3)

P12 D22

An appealing property of SBM is that it accurately captures the strength of com-
munity structure or assortative mixing in a network. In particular, if we let 7 denote
the assortativity coefficient of a sampled network from the maximum likelihood fit,

16, we have the following convergence in probability as network size grows.
) Ly () (4.4)

In fact, if the network is large enough it can be shown that assortativity from the
fitted MLE model approximately matches the observed assortativity in expectation,

with exact equality in the case of microcanonical SBM [142].
E[#V] ~ M (4.5)

Despite its simplicity and its wide-spread use to model community structure, SBM
has serious drawbacks when it is used to model real-world networks. The main prob-
lem with SBM is its inability to allow for degree heterogeneity within a block. This
makes SBM an unreasonable model in real world networks which exhibit high levels

of degree heterogeneity [141]. A maximum likelihood fitting procedure as described
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above, in the presence of degree heterogeneity, results in communities of high and low
degree nodes. In particular, the MLE captures degree heterogeneity rather than ac-
tual community structure since it splits nodes from the same block into distinct blocks
differentiated by their degree. For example, Bickel showed that SBM splits nodes in
the famous Karate club network according to their degree rather than extracting the

actual communities [23].

To avoid this problem, the degree-corrected SBM (DCSBM) modifies the gener-
ative model such that nodes can have different degrees in each block. It does so by
introducing a degree-correction parameters for each node that simulates the node’s
propensity to form edges, hence controlling for the expected degree of each node sepa-
rately. A node with a larger value of degree-correction parameter is expected to have
larger degree than a node with smaller value and in the same block. Furthermore
similar to SBM, the degree-corrected SBM has additional parameters that control for
the propensity of any two groups to form links independent of each node’s individual
degree propensity. The degree-corrected SBM as a class of models is more general
than SBM as it encapsulates SBM. SBM is a special cases of its degree-corrected
variant when all node degree parameters within a single block are equal. Similar to
SBM, the fitted maximum likelihood model for DCSBM also matches the observed
assortativity as expressed in equations [4.4] and [4.5]

Despite its ability to model for degree heterogeneity and its success in real world
problems, DCSBM is unable to model heterogeneity in in-group and out-group propen-
sities or brokerage since it uses a single parameter per pair of blocks as their edge
propensity. In other words, all nodes within a block have the same in-group and
out-group degree distribution conditional on total degree. This makes it difficult for
DCSBM to accurately capture assortativity on longer paths if the network exhibits
brokerage, as discussed above and shown below empirically. The DCSBM maximum
likelihood estimates underestimate diffusion assortativity, even though the expected
assortativity on paths of length 1 from DCSBM fitted ML model matches its observed

value.
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Figure 4.3: The distribution of predicted over observed ratio of assortativities on
#(2) 7#(3)

paths of length 2 (left column), 55, and 3 (right column), 55, from DCSBM along
gender (top row) and racial (bottom row) groups. Bars correspond to 95% confidence
interval and each bar corresponds to one school network. Networks are sorted in
descending order of the point estimate.

4.4 Empirical Study of Diffusion Assortativity with DCSBM

In this section, we analyze a collection of real-world social networks and show that
many have assortativity on paths of length 2 that is not predicted by SBM which
explicitly fits assortativity on paths of length 1. We reuse the data already collected
from a previous study that fully mapped out the social network in 56 middle schools
[140]. These networks are directed and as such we fit them to a directed DCSBM
model. We use these networks to study how and whether DCSBM models mixing
structure and in particular diffusion assortativity accurately. The data also contains
various attributes, such as gender, grade, age and GPA per each student. We will use
these attributes to define subgroups within the school network and measure the extent

of homophily and diffusion assortativity along several subgroup characterization.
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Given the Maximum likelihood fit to an observed network, we can generate the
distribution of diffusion assortativity in a Monte Carlo fashion through repeated sam-
pling of networks from the fitted model, ﬁ, and computing their assortativity along
paths of length 2. This re-sampling procedure to compare other statistical and topo-
logical properties of the simulated network not explicitly accounted for in the model
with the observed network has been used in previous works [62, 8], [82], I76]. This
procedure, similar to posterior predictive checks in the Bayesian context [85], can be
used to evaluate the fitness of a model beyond the scope it was designed for. In our
case, this process reveals that the observed assortativity on paths of length 2 among
the 56 schools is consistently higher than the distribution of diffusion assortativity ex-
pected by DCSBM, among all grouping attributes. For example, fitting the DCSBM
based on gender fits assortativity on paths of length 1 perfectly, but 31 out of 56
schools (55%) exhibit higher assortativity on paths of length 2 than predicted by the
fitted model, with two-tailed p-values less than 0.05. Similarly, DCSBM fit based
on gender-grade groups (up to 6 groups) leads to 43 schools (76%) with significantly
higher (p < 0.05) diffusion assortativity than predicted by the model.

Figure [4.3| compares the observed assortativity on paths of length 2 and 3 based
on both gender and race (encoded as majority or other) groups with the estimated
value from the maximum likelihood model. Even though the observed assortativity on
paths of length 1 is always covered by its 95% confidence interval and very close to the
point estimate, the fitted models consistently underestimate diffusion assortativities.
The model under-estimates assortativity on paths of length 3 even more than paths
of length 2. Furthermore, DCSBM becomes more inaccurate at predicting diffusion
assortativity for smaller values of assortativity. For example, racial assortativity (on
paths of length 1) in the schools ranges from 0.02 to 0.32 as opposed to gender which
ranges from 0.43 to 0.83, and figure shows that the scale of underestimation is

larger for race than gender.

A possible explanation for these discrepancies is the unequal distribution of cross-
group edges in the observed networks, while SBM assumes uniform distribution of

cross-group edges among all pairs. High brokerage in a network would suggest that
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a small fraction of nodes in each group hold a large fraction of out-group edges.
Controlling for degree, a more equal distribution of cross-type edges would create

extra paths of length 2, thus reducing diffusion assortativity.

5 Model

In this section, we describe our model that accounts for heterogeneity in out-group
edge formation or brokerage and by doing so provides a more accurate estimate of
diffusion assortativity. Before explaining the model, we restate important concepts
and assumptions made in the model.

Directed Networks: We assume the network is directed as most social networks do
have a notion of direction in edges. As we see later, this assumption is necessary for
the estimate on the number of diffusion paths to be unbiased. The same model also
applies to undirected networks, although it introduces a positive bias in the number
of in-group diffusion paths, which vanishes as the size of network grows.

Higher Order Networks: Given a network G, its k™ order network G*) determines
the presence or lack of paths of length %k (of unique edges) between any pair of nodes
in G. For example, the second order network is a multi-graph which has as many
edges between a pair of nodes as there are number of paths of length 2 between them
in the original network. Since the original network is directed, its diffusion paths and
its higher order networks will be directed too.

Self-Loops: We assume that the observed networks do not have self-loops, even
though our model allows for it and can certainly generate networks with self-loops.
While we assume the first-order observed network does not have self-loops, its higher
order networks do (imagine paths of length 2 that start with and end in the same
node) and counting them is necessary to obtain an unbiased estimate of diffusion
paths. The presence of self-loops in the observed network leads to a positive bias
in the number of in-group diffusion paths and consequently the estimated diffusion
assortativity. However, this bias vanishes as the size of network grows.

Adjacency Matrix: The (i, j) element contains the number of outgoing stubs from
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node i to node j. In contrast to undirected DCSBM [114], diagonal elements contain
the number of self-loops, not twice their value, since self-edges are directed and each
has only one outgoing stub.

Higher Order Assortativities: Higher order assortativities measure the extent of
unequal diffusion in the network. The k' order assortativity of network G is simply
the assortativity of its k™ order network G*). For example, if we denote the directed
adjacency matrix of the second order network as A, then we can define the second
order assortativity, 7?), in a manner similar to equations and .

Yed = ab?

(2)
r2) = 4.6
S PENE (4.6)

where the quantity e!? is the fraction of total (directed) paths of length 2 from a

node in group r to a node in group s, aq@ is the fraction of total directed paths of
length 2 from a node in group r and b is the fraction of total paths of length 2 to

a node in group 7 in the original network.

(2)
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5.1 Setup

Our random graph model is based on the degree-corrected Stochastic Block Model
[114]. In contrast to DCSBM and instead of correcting for the total degree of each
node, we correct for its degree to each group. By correcting for the out-group degree of
each node, we can differentiate between networks whose cross-group links are exclusive
to a small number of brokers versus those with an equal distribution of cross-group
links. We show that by including extra parameters for this correction, the model
not only corrects for the degree of each node, but also fits the number of in-group
and out-group paths of length 1 and 2 in expectation and as a result the estimated

assortativity on paths of length 2 is approximately equal to its observed value.
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The main difference with DCSBM and our model is that after conditioning on
degree, cross-group links are not distributed equally among all nodes of a group. In-
stead, each node will have a separate parameter for propensity of linking with each
group and the combination of these cross-group propensity parameters determines
how cross-group edges are distributed among nodes of a group. Furthermore, as the
network is directed, we introduce one such node-level parameter and one group-level
baseline linking parameter for each incoming and outgoing direction. Given these pa-
rameters, the number of edges from a node ¢ from group r to a node j from group s is

modeled as a Poisson random variable with mean 69 _6°

o .
70 -wrs where 07 is the outgoing

propensity parameter for node ¢ to group s, 9;:7,, is the incoming propensity parameter
for node j from group r and w,; parameter controls the baseline number of edges
from group r to s. Thus, the expected value of A;; element in the adjacency matrix is

62, 0"

00, 05.0: 9195 A nice property of this model over DCSBM is that the expected num-

ber of self-loops match the expected value of their corresponding diagonal elements
without an extra % factor since we only count the number of outgoing stubs in the

adjacency matrix of a directed network.

We can now express the likelihood function in this model with node degree vari-

ation in cross-group linking:

00 0% wy.o ) .
L(@,Q;A):H( 0,00, exp(—02, 0wy, ) (4.8)
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where O is the set of node-level outgoing and incoming degree propensity parameters,
Q) is the group-level edge formation propensity parameters, g; denotes the group of
node ¢ and A is the (directed) adjacency matrix where A;; is the number of outgoing

edges from node ¢ to j. Given this setup, the MLE for (2 is as followed:
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(4.9)

where m,.¢ is the number of outgoing edges from group r to group s. The denominator

resembles the effective number of pairs for such links. To derive the MLE for O, we
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note that 6 parameters can be arbitrary to within a constant, therefore we must
impose additional structure on the model. These constraints can take different forms
and one of our contributions is to show that different constraints lead to different
models. Below we briefly discuss two constraints and derive their resulting MLE.
Throughout, we refer to set of all groups as G, the set of all nodes as N, the group
to which node 7 belongs as g;, total number of edges from group r to s as m,., total
out-degree (in-degree) of node i as d? (d!) and the out-degree (in-degree) of node i to

group 7 as df,. (d; ).

5.2 Node Level Constraint

One alternative for model structure is to impose a constraint on total propensity of

each node, as shown below.

VieN: Y 60,=1 Y 6, ,=1 (4.10)

ged geG
This constraint imposes the same fixed value on total propensity of linking to and
from all groups for each node. It still allows for cross-group linking variation within
each group, as each node can distribute its linking propensity differently. However,
the constraint limits the degree variation of all nodes, in a manner similar to regular
SBM without any degree correction. The MLE of this model simplifies to a system

of equations, as shown below.

: ~ Aji ~ Aji
Vie N Vgi,9, € G: Z(wglgﬁj-gi -2 = Z(w%gﬁj’gi — =)

; i ; g
JE€g1 R ;1,91 J€92 - ;1,50 (4'11>
; ) ~ gy ~ ij
VieN Vg, €G: > (@40, — T) = @y, — 59_)
JE€g1 1,91 JE€g2 1,92

Combining the MLE equations 4.9 and with the constraint equations [4.10],
one can numerically compute the MLE. In general, the maximum likelihood estimates
don’t have a closed-form solution, but if the observed out-degree and in-degree of all

nodes within each group are identical, the MLE takes the following convenient and
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intuitive form.

if YreG Vier &=d°: 67, =—=

1,8 d(?
i (4.12)
if YreG Yier di=d: 6, 6= =7

Where d° (d’) denotes the total out-degree (in-degree) of any node in group r. This
result implies that the propensity of linking to a group s is simply the observed

fraction of the node’s total degree to that group.

5.3 Group Level Constraint

Another alternative for model structure is to impose a constraint on total propensity
of all nodes within a group, as shown below. This model will be the main focus of

our work and has close resemblance to DC-SBM but with extra desirable properties.

VrseG: Y 0,=1, ) 6 =1 (4.13)

1er ier
The constraint states that the total propensity of linking to and from group s is fixed
among all nodes of group r. Variation in cross-group linking among nodes of a group
can still exist. Naturally, a good model will distribute the propensity supply of each
group according to cross-group degree of the nodes within that group. The MLE of

the model simplifies to the following intuitive forms:

. Y d;')s

Vr,se G Yier: 0],=—
’ Mys

~ i
Vr,seG Vier: 0, ,=-—""
’ mT’S

(4.14)

In contrast to the previous constraint at the node-level which led to within-node
fractions, the MLE for linking propensity to a group s with the group-level constraint
becomes the within-group fraction: the observed fraction of total cross-group degree
that originates from the focal node. This estimate closely resembles that of the

propensity parameter in regular DC-SBM with the exception that MLE fractions in
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DC-SBM did not differentiate between the degrees to each group. Given the estimates
above for propensity parameters, the MLE for group-level parameters from equation

simplifies to the number of cross-group edges:

Brs = Mg (4.15)

5.4 Frequency of Diffusion Paths Under MLE Model

Before deriving the expected number of cross-group edges from the model fit, we
compute a few useful parameters that result from the fitted model: the expected
number of edges between any two nodes and the expected out-degree (in-degree) of
a node to a group. The variables with a hat are generated by the model and refer to
the corresponding observed quantity with same symbol.

& di
ElAy] = = == (4.16)

Eld ] = B> Ayl =d (4.17)

Eld;,] = E[Y_ A;) = di, (4.18)

We now show that the fitted model matches not only the observed number of
paths of length 1 but also the observed number of paths of length 2 between any
two groups in expectation, even though the model does not explicitly account for it.
Throughout, we assume that traversing the same edge twice is not permissible (e.g.
paths cannot use a self-loop twice). However, traversing from a node to its neighbor
and back to itself is allowed as long as there is a directed edge in each direction. This
is possible under our analysis since edges with different directions between any pair
are drawn independently and considered different.

As the first step, we show that that expected number of edges between any two
groups in the fitted model matches that of the observed network. Below, we denote
the observed and (random) model-generated number of paths of length & from group

r to group s by P® and ¥ respectively.
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We used equation (4.16)) in the third line above. Therefore, the expected number
of cross-group edges from the MLE model matches its observed value. We now show
a similar result for paths of length 2. First, we show that the expected number of

paths of length 2 between two different groups matches the observed network.

=2 s
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:X:X:EAA

j ierkes

—Z Z Jk]
j ierkes

ZZE[EZHM

=:j£:Cﬁrd?s

mﬂmzp® (4.20)

In the fifth line above, we used the fact that edges are independent and in the seventh

line, we relied on equations (4.17)) and (4.18]). We now show that the expected number

of paths of length 2 within a single group is also the same as the observed value,

keeping in mind that traversing any edge, including self-loops, is allowed only once.
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E[P?] = p® (4.21)

The first line above uses our assumption that the observed network does not have
any self-loops. The second line uses the fact that traversing the same edge is not
allowed twice. In the the third line, we relied on the independence of edges, with
the exception of the last term which refers to the number of different self-loops that
are determined from a single Poisson draw. We note that if the observed network
has self-loops, then the estimated number of within-group paths of length 2 would be
biased positively by the total number of self-loops within the group.

5.5 Asymptotic Behavior of Diffusion Assortativity Under MLE
Model

First, we quickly prove a simple extension of weak law of large numbers which we will

use in our proof of diffusion assortativity consistency.
Proposition 1. Let {X;}° be a sequence of independent random variables with
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E[X;] = wi and Var(X;) = o?. If the sequence of variances {02}] is bounded,

then ¥ — % in probability.

Proof. Let S, = ZnTX and pu = %, then Var(S,) = l;ﬂ — 0. This follows from

n

simple application of Chebychev’s inequality.

< Var(Sy)

P([Sn —pl =€) < —0

2
[l

Proposition 2. Let n, be the size of nodes in group r and n =) _n, be the size of

all nodes in the network. If 62 is determined from the sampled network according to

equation m and A # 0, then 2 2 ) asn — co.

Proof. Below we denote the adjacency matrix of the second order network of the
sampled network as A®. We allow for traversing the same edge multiple times and

show that prohibiting them does not affect the result.

1(2)
> Aij

2) _ 1€ET,JES

s A(2)
> A
i7j

> Ay

ier,jesk

> A Ak
Z‘7j7k
> Ay A
i€r,jEs,k
_ Drlls — menan (4.22)
n2 > A Ay ’
1,3,k

3
In the second line above, we allowed for traversing the same edge twice. This can
happen only if i = j = k (self-loops). The terms Ay, and flkj are two Poisson random
variables with finite mean and variance, thus their product also has finite mean and
variance. By applying proposition [T, we get

> Az’kAkj > E[AikAkj]

1€T,jESk £> €T, JESk

(4.23)

nyNN NNgN
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The terms A;, and Akj are independent unless ¢+ = 7 = k which can only happen if

r = s. Below we assume this is the case but the results remain the same even if r # s.

Y ElApAy] Y El[Au]B[Ay)] > E[A;]
lim (SMIesk = i EniCek + lim & (4.24)
n—00 NN n—00 N,aNN n—oo MMM
> dod:
_ hrn 1ET,JES J

n—oo  NpNgN

In the second line we used the fact that expected number of self-loops is finite. Com-
bining the result above with equation [£.23 and performing the same analysis for the

denominator in equation we get the following convergences.

S ApAy > dod;

€T, jESk ﬂ> 1ET,JES
nrnsAn ) NNgN (4.25)
> A Ak > dg’d;i
1,7,k P LJ
n3 n3

Combining equations 4.22| and [4.25/ and the fact that > d‘?dé # 0, we get the result

7
]

using the continuous mapping theorem:
e L @ (4.26)
O]

Remark 1. 1f we had not allowed for traversing the same edge multiple times, the
second term in equation [4.24] would not be present and the final limit would be the

same.
Remark 2. In case of an undirected network, we would have the same convergence

results as long as ny — oo for all s when n — oco. In this case, the second term in

> B[]
SALEN— — which still tends to zero as n — oo.

Nrns

equation 4.24] would be replaced by

Proposition 3. The sampled assortativity on paths of length 2 from the MLE model

converges in probability to the observed assortativity on paths of length 2.
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Proof. The assortativity on paths of length 2 from a sampled network is defined as

below.

(2) — ég) - dgz)i)g) (2) — (2) p2) — (2)

~(2 T r ~(2 ~(2 2 ~(2

r - ~ ar - 67‘5 br - esr
1— Z CALq(nQ)b?) ; ;

T

where all quantities ég),&g),&@)

are determined from the sampled network. The
result follows using proposition [2| on each individual term of #(2) and the continuous
mapping theorem. In the application of continuous mapping theorem we rely on

Zag?)bf?) < 1 since Zeg) =1 O

T8

Remark. In case of an undirected network, the same result holds as long as ny — co

for all s when n — oo.

6 Results

In this section, we show the same results as in section but using our (directed)
model instead of the (directed) DCSBM. In particular, we consider the same networks
as before and compare their observed assortativity on paths of length 2 and 3 versus
the distribution of those quantities generated by the MLE model. As shown above,
we would expect the observed assortativity on paths of length 2 to be close to the
predicted value by the fitted model, since the networks are large enough. Even if
the networks are not large enough for proposition [3] to be valid, the bias in model-
generated assortativity should be small since the number of in-group and out-group
paths of length 2 from the model match the corresponding observed values in expec-
tation, as shown in section [5.4]

Figure [4.4] compares the distribution of assortativites generated by the model
against the observed values along gender and racial groups. The figure is produced
exactly as figure [£.3] with the same networks and attributes, except that the fitted
model accounts for brokerage. First, we observe that in contrast to regular DCSBM,

our model accurately captures assortativity along paths of length 2 for both attributes.
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Figure 4.4: The distribution of predicted over observed ratio of assortativities on
paths of length 2 (left column), iz—z;, and 3 (right column), %, from our model along
gender (top row) and racial (bottom row) groups. Bars correspond to 95% confidence
interval and each bar corresponds to one school network. Networks are sorted in
descending order of the point estimate.

This is expected since our model fitted through MLE matches the observed frequency
of paths of length 2 in expectation. Second, Even though our model does not make
any guarantees about assortativity on longer paths, it nevertheless provides a close
match with observed assorativity on paths of length 3, at least along gender groups.
The observed gender assortativity on paths of length 3 is not significantly different
from the generated distribution by the model in any of the network. However, the
model consistently underestimates racial assortativity along paths of length 3. This
is mainly because the the absolute level of assortativity along race is much smaller
than gender, with values that are often close to zero (only 12 out 56 networks have
racial assortativity greater than 0.1). At such small values the model requires higher

precision and small absolute differences can make the its predictions significantly
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different relative to the observations. Nevertheless, comparing the distribution of
generated racial assortativities along paths of length 3 in figure [4.4] with figure [4.3]
we observe that our model’s predictions are at least an order of magnitude closer to

observations than DCSBM.

7 Model Validation

In this section, we attempt to provide some evidence that our model indeed cap-
tures salient patterns in the networks, in ways that lead to statistically significant
improvements in its goodness of fit over DCSBM as the null model. To compare the
model against the regular DCSBM, we use the likelihood ratio test with our model
as the alternative. The challenge with this approach is the difficulty to determine
the exact distribution of the likelihood ratio statistic. We could appeal to the Wilks
theorem [24] which provides a convenient form for the asymptotic distribution of the
likelihood ratio, so long as DCSBM (null) is nested within our model. DCSBM is in
fact a special case of our model since it imposes a homogeneity constraint on cross-
group linking propensities of our model. In particular, we obtain the regular directed
DCSBM if we make the following assumption in our model:

VieN,VrseG: 05, =07, 0, =0, (4.27)

j7s7

~

Given the nested models and under Wilks theorem, the test statistic —2log(\)
(with ) as the likelihood ratio) is asymptotically distributed as chi-squared with the
number of constraints that we must impose on our model to obtain DCSBM as its
degrees of freedom. This type of hypothesis testing that uses approximate likelihood
ratio chi-squared statistic for network models has been used before [174].

The x? distribution of Wilks theorem assumes that the log-likelihood of both the
null and alternative models are well-behaved and resemble a quadratic function close
to their maximum [24]. The justification for this assumption is the central limit

theorem together with a growing “effective large sample size”. This would be true in
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the case of dense graphs (i.e. individual degree tends to infinity as number of nodes
increases), since the effective data size in dense graphs is of order O(n?) and even
though there are O(n) parameters in DCSBM, the model fit would still be in the large
data limit [I79]. However, in the sparse regime, the Wilks theorem is no longer valid
on DCSBM due to the combination of growing parameters and network sparsity [79].
In sparse graphs, the effective samples size and number of parameters grow at the
same rate of O(n). As there is only O(1) observations per each parameter, we never
satisfy the large sample assumptions behind Wilks theorem and as it has been shown
before the usual x? distribution often underestimates the likelihood ratio in sparse

graphs [179)].

As most social networks fall into the sparse regime, we need alternative methods

to approximate the distribution of our log-likelihood ratio shown below.

3= log SuPe n)ep L(©,;A)
SUP(e,0)ep, L(©,Q;A)

(4.28)

where Py and P denote the restricted and full model parameter spaces respectively.
Large values of )\ test statistic indicates support for the full model that it provides
statistically significant improvements over DCSBM. One approach to find the null
distribution of ) is through parametric bootstrap [68] where we first fit the observed
network against the null (DCSBM), then repeatedly draw new networks from the

fitted model and compute their A to generate its distribution under the null.

Before conducting the log-likelihood ratio (LLR) test on our model, we first test
the validity of the parametric bootstrap procedure explained above. In particular,
we draw 5 random networks from each of 56 DCSBM model fits against our actual
networks and generate their LLR distribution via bootstrap (total of 280 networks).
These randomly drawn networks should resemble our actual networks if they were
generated by a DCSBM. In this test, these synthetic networks act as our observed
networks and are truly from the null model. Hence, we expect their observed LLR
to fall within the bootstrapped distribution if the procedure generates a valid LLR
distribution. Figure illustrates this comparison for these synthetic networks. For
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Figure 4.5: The bootstrapped distribution of log-likelihood ratio scaled by the actual
log-likelihood ratio (LLR) when the true model is actually a DCSBM fit. Each of 56
DCSBM models corresponds to the MLE of a school network based on gender (left)
and ethnicity (right) groups. For each fitted DCSBM, we draw 5 random networks
and generate the bootstrap distribution of the LLR from that realization. The 280
synthetic networks are sorted by the mean of their LLR bootstrap distribution. Each
bar corresponds to 95% confidence interval of one network.

easier comparison across all networks, the bootstrapped distribution is divided by
the observed LLR, so that the value of 1 corresponds to observed LLR. The observed
LLR is often within the 95% confidence region constructed by the bootstrap, however
we can observe that the bootstrapped distribution systematically under-estimates the
observed LLR. This indicates a potential for over-rejection of the null that is again

induced by the network sparsity.

Even though there is a slight under-estimation of LLR under parametric bootstrap,
we don’t expect it would change our conclusions from testing our model against the
DCSBM. This is because the log-likelihood ratios from our observed networks are so
far outside the bootstrapped distribution that the p-value in almost all networks is
practically zero and the slight under-estimation by the bootstrap procedure should
not make a substantial difference on our inference. Figure compares the observed
LLR from our 56 networks against its bootstrapped distribution assuming DCSBM
as the null model, in a manner similar to figure except that here we use actual
instead of synthetic networks. The observed value is considerably greater than the null
distribution and we can safely conclude our model provides significant improvements
on the goodness of fit over DCSBM in a way that a slight under-estimation observed

in figure 4.5 won’t substantially change our conclusion.

In conclusion, the likelihood ratio test provides strong support for our model over
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Figure 4.6: The bootstrapped distribution of log-likelihood ratio (LLR) scaled by the
actual LLR from each of the 56 networks using gender (left) and ethnicity (right)
as the blocking variable in DCSBM. Each bar corresponds to the (scaled) LLR 95%
confidence interval obtained through (parametric) bootstrap of one network assuming
DCSBM as its null model. The 56 school networks are sorted by the mean of their
LLR bootstrap distribution.

regular DCSBM and we conclude it significantly improves the fit in all 56 school
networks no matter if the grouping of nodes is conducting along low (race) or high
(gender) homophilous attributes. This finding suggests that variation in cross-group
linking is not simply a spurious pattern in social networks and network models would
provide a more precise description of the network structure if they account for this

pattern.
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Chapter 5

Network Processes can Exacerbate

Existing Inequalities

1 Preface

In the previous chapter, we developed a model of network structure with unequal
distribution of cross-group links. The goal of the model was to show how network
structure and specifically brokerage can lead to unequal diffusion of information and
resources in the network. Our efforts up to know have only focused on the structure
of the network and we have assumed individuals in the networks are myopic: they
simply transfer their resources to their neighbors whenever they have them. But
actors in social networks are often strategic and make decisions on who to help based
on different criteria such as reciprocity or self-interest from future interactions. In this
chapter, we explore the interaction of resource sharing and strategic decision making
in networks. We present one such mechanism and show that strategic decision making
exacerbates existing inequalities. We further verify the predictions of our model in a
multi-player online platform we developed to study how micro decisions in networks

have macro consequences in terms of inequality.
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2 Introduction

Inequality has been consistently rising over the past 40 years in the US [143]. Its desta-
bilizing forces and negative impact on economic growth have motivated academics and
policy makers to address the roots of its persistence [104, [167]. Policy makers and the
economics literature has mostly focused on the economic forces behind inequality such
as market imperfections, tax policy or monopoly rents. However, there is increasing
recognition that the roots of inequality trace back to social structures and how they
interact with economic institutions [108]. Segregation or status homophily in net-
work is believed to be main social driver behind inequality [71], 108, 121, 163, [170].
The link between social network homophily and inequality is based on unequal access
to information. In basic terms, sorting in social networks by status and access to
economic information leads to concentration of opportunities in a small part of the

society, widening existing gaps over time.

The unequal diffusion of resources or opportunities is the basis of several stud-
ies which have provided a theoretical account of how small differences in individual
advantage can translate into large and persistent differences over time [43] [7T], [121].
The unequal diffusion is an informational account of network effects on inequality and
occurs when valuable information is generated by different people at different times
and the network exhibits three characteristics 1. Information diffuses across network
ties, 2. One group generates the information or opportunities at a higher rate, 3. The
network is homophilous in the group attribute. These three conditions make the
networks of the advantaged group richer in resources, a phenomenon referred to as
“inequality in social capital” [I12I]. Homophily is the main driver of the differential
access to information and it implies that opportunities remain exclusive to one group,

exacerbating existing differences over time.

Given the significant implications of networks in exacerbating inequalities, it is
important to go beyond the general theoretical framework and determine the process
in detail. Only then we can prescribe interventions to combat the forces that regen-

erate inequality. For example, a simple structural explanation based on information
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(a)

Figure 5.1: Diffusion in homophilous networks does not necessarily widen
inter-group difference. Two circular lattices comprising the full (left). Nodes
with the same color, a lattice, all have the same probability of generating valuable
information in each round. One group has higher probability than the other. Lack
of cross-group connections implies extreme homophily. The ratio of group utilities
after accounting for one-hop diffusion for various levels of initial differences (right).
Estimates are from 20 simulations each with 10,000 rounds. 95% confidence intervals
are too small to be visible.

diffusion does not lead to larger than initial levels of inequality. Figure [5.1] shows
the results of a simple simulation that confirms this point in a network with two
disconnected circular lattices, the most extreme case of homophily. In each round,
each node in the network independently generates valuable information with fixed
probability and passes it along to its neighbors. The network has two disconnected
components, each representing a group with fixed probabilities Py and P, akin to
status. Access to the information increases a node’s utility by a unit in each round.
If we denote the total utility of all nodes in each group after 10000 rounds by Uy
and Uy, then the ratio g—f signifies the level of inter-group difference accounting for
the network effects. This ratio is compared against the initial inter-group difference
1;—’2 in figure , which indicate that the diffusion in the network actually reduces
the inter-group difference by about 54% from the initial exogenous differences when

Py _
P — 4,

The problem with this simple approach is that it is purely structural and ignores
the fact that inequality arises from the incentive structure of processes that occur in

the network and that inequality is durable because it’s indeed the equilibrium state
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of that process [162]. In other words, individuals in a social network are not myopic,
instead they strategically form links and decide who to cooperate with. Our measures
of social capital, in particular those capturing information or favor exchange capital
[107], mostly focus on the network structure, and ignore its interaction with strategic
behavior and human capital. But in reality, it is possible that the same expansive
network structure for the poor does not provide the same informational benefits as it
does for the rich, despite predicting similar level of informational social capital. Thus,
it is imperative to account for the nuanced processes that occur within the network

and lead to unequal access to valuable resources.

Another problem with the simple structural account above is the assumption that
the valuable resource is non-rivalrous and individuals don’t compete for accessing it.
However in reality, many resources shared in social networks, such as employment
information or rations or new business innovation opportunities, are rivalrous (their
utility goes down as more people share it). This rivalry introduces strategic behav-
ior in resource sharing because sharing will reduce own utility but might encourage
anticipated reciprocity with contacts that improves utility in the future. Thus if an
individual believes that the future gains it receives from its contacts do not com-
pensate for the losses it incurs currently by sharing the valuable resources, then it
might decide to withhold the resource from its contacts. This sort of strategic be-
havior resembles the conditionally cooperative behavior that has been illustrated in
lab experiments [80]: people cooperate if they know others will also cooperate. This
is very relevant in the case of inequality in endowments since if high type players
anticipate their low type contacts cannot cooperate, they will in turn reduce their
cooperation. Beyond the effects of rivalry on individual decision making, its macro
effects at the group level outcomes are more intriguing. Does rivalry affect different
groups differently? In this paper, we attempt to study information sharing processes

in networks pertaining to rival resources and its implications on inequality.

This type of rivalry in resources and its effect on cooperation has been studied
before. It is usually introduced by changing the number of individuals who compete

for the same fixed resources. For example when the rivalrous resource is employment
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information, Beaman finds that refugees who get resettled in locations with a larger
community tend to have worse employment outcomes and wages because a larger
pool of refugees will compete for the same fixed employment opportunities. Similarly
in the context of cooperation and information sharing, there is evidence of crowding
effects in public good games. Increasing the number of players sharing the same ri-
valrous common good decreases individual contributions and leads to worse welfare
outcomes [103]. Similar patterns have been reported when individuals share valuable
information with low-degree contacts fearing that sharing with high-degree contacts
might lead to over-crowding on the rivalrous resource [I7]. A similar force affects the
choice of migration as migrant move to places where their contacts don’t have too
many friends they have to compete with [27]. Our work was specifically inspired by
the derivation of pairwise stability in job contact networks which showed the positive
correlation between employment outcome and the number of contacts, due to in-
creasing information sources, but negative correlation with number of two-links-ways
contacts, due to increased competition [42]. Similar to [42], we derive the pairwise
stable subgame perfect equilibrium in our (rivalrous) information sharing model. But
in addition we examine the inequality implications of rivalry by introducing hetero-
geneous agents which are present simultaneously in the network and adapt different

strategies.

The effect of heterogeneity among agents on individual decisions and total welfare
has also been studied. There have been mixed results mainly due to different setups.
Some evidence suggests that heterogeneity does not affect cooperation rate in public
good games and could sometimes even increase it [31) 54, 149]. In a context with
collective risk such as climate change, Wang et al.|show that heterogeneity leads to
higher cooperation because the stakes are higher for richer agents and their coopera-
tion incentivizes poorer agents to also cooperate [I72]. The main question in all these
studies is stated in terms of cooperation rate in non-rivalrous game with heterogeneity
and the inequality implications are not considered. Our work examines the effects of
agent heterogeneity and rivalry simultaneously in a network game and while our main

goal concerns the inequality implications, we also derive how these factors affect the
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cooperation.

In this paper, we develop a model that introduces a strategic sharing process
among agents with heterogeneous levels of initial endowments in a network where the
resources are rivalrous. The agents play a repeated game with their neighbors and in
each round if they receive the rivalrous resource, they decide whether to share it with
their contacts or not. If the heterogeneity is observable, then in equilibrium the agents
will follow a conditional cooperation strategy: they will share the resource, if they
know their contact will reciprocate in the future. We show that if the initial differences
are large enough, the low type has no incentive to share information with their contact
whereas the high type will, essentially leading to homophily in type. These micro-
scale decisions made by individual have macro-scale implication at the group level,
such that they will exacerbate inter-group differences if the initial differences are large
enough. In terms of theoretical contributions, this simple model brings to light the
importance of network processes involving complex decisions and the interaction of

social capital with human capital in the study of inequality.

Furthermore, we implement a randomized multi-player online lab experiment
closely resembling the model to validate its theoretical prediction. The advent of
crowd-sourcing platforms such as Amazon Mechanical Turk have enabled researchers
to develop and test their hypothesis in large-scale online lab experiment [126], 137,
156]. We conducted our experiment similar to these past works by recruiting par-
ticipants from Amazon Mechanical Turk, and randomly assigning them to a binary
type and a position in a homophilous network. Multiple participants played a game
simultaneously over multiple rounds and made decisions whether to share rivalrous
monetary rewards with each other. We find strong evidence of conditional cooperation
as the low type cooperates at a much lower rate than the high type. The adoption of
different strategies employed by different groups leads the high type to take a larger

share of the rivalrous resources than expected by its initial endowment.
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3 Model

We study a network process that exacerbates inter-group differences beyond what’s
expected by exogenous variation in individual ability. Our setup considers a game in
which a rivalrous resource repeatedly diffuses in the network, access to which increases

one’s utility.

3.1 Game Setup

The game has infinite number of rounds with discount factor ¢. In each round, there
exists a rivalrous resource with total value of 1 and all players that have access to
the resource will equally share its utility. There are two types of players: there are
ny agents of high type and n; agents of low type. There are more low type than
high type agents: n; > ngy. In each round, exactly one player of each type receives
the resource with uniform within-type probability. A high type player will receive
the resource with probability py = % while a low type player will receive it with
probability p; = % Given that there are more low type than high type agents, a
high type agent is more likely to independently receive the resource: py > pr. If
an agent receives the resource, it has the option to share it with any of its network
contacts. Since the resource is rivalrous, sharing it will reduce potential utility from
the current round, but the agent still has incentive to share if it believes the contact
has a high enough probability to receive the resource in the future and reciprocate.
The combined strategy of all players leads to an undirected network structure that is
endogenous to the game. A link appears in the network when both players’ strategies
are to share with each other. In the following we assume that each player can have

at most a degree of d.

3.2 Pairwise Nash Stable Network

We will now derive the subgame perfect equilibrium (SPE) based on grim trigger
strategies on each agent. The outcome will effectively describe a pairwise Nash stable

network [26], [109] where the existence of links indicate sharing by both agents and
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their absence indicates no sharing by either. For simplicity, we assume only ties within
the same type are possible, hence the network will be maximally homophilous. After
describing the SPE, we will argue that the same conclusions holds if we were to allow
cross-type edges as well. Furthermore, we assume npc and ngyc are not integers to
avoid a few uninteresting edge cases that are easy to solve for but greatly expand the
set of possibilities to enumerate. We will briefly remark how the equilibrium looks
like when these conditions are not true. In the following, we denote the equilibrium

degree of each player by dj; and d;j for either type.

Theorem 3.1. Assuming npc and ngc are not integers, agents employ grim trigger

strategies and only within-group sharing is possible, then

1ifng > 9 and ny < 5, then djy = d and dj, = 0 in the pairwise Nash stable
network. A circular lattice within each type is such a network.

2. if ngp > % and ng > ﬁ, then dy = dj = 0 in the pairwise Nash stable
network.

8. if L <np < % and ng > -5, then either dj; = dj =0 or dy = dj = d in
the pairwise Nash stable network.

4. zfﬁ <np < % and ng < ﬁ, then dj; = dj = d in the pairwise Nash stable
network.

5. ifng < C_Ll, then dj; = d; = d in the pairwise Nash stable network.

Proof. The grim trigger strategy of each player is a binary vector corresponding to
sharing decisions with all other players if having received the resource. Since players
are exchangeable, we can simplify the notation and express the strategy of each player
as the number of other players it is sharing with: dg and d, for either type. To derive
SPE, we express the expected utility of a player from either type starting from the

current round if the player has received the resource (the player does not take any
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action if it does not receive the resource).

[e.9]

1 1 1 dg +1
P B 1 1
UH( H, L) dH+dL+2+izlc’dH+dL+2 ng (5 )
1 d 1
_ o
dg +d,+2° " nglc—1)
1 drp +1
Ur(dg,dr) = (1+— )

_dH—I—dL—f-Q nL(c—l)

The term m in equation corresponds to utility from the shared resource

in a round and the constant 2 refers to the original receivers of the resource, one

from either type. The term dﬁ;rl in equation denotes the probability of receiving
the resource in future rounds by either the player itself or one of its neighbors. In
SPE, each player maximizes utility starting in each round conditioned on receiving

the resource:

dy = arg L gy dutl
= argmax
" dye{0,..dy dg +dj +2 ng(c—1)
1 dr +1

;= argmax —
v dpef0,1,...dy Ay +dp+2 nr(c—1)

The marginal utilities are:

di —ng(c—1)+1
ng(c—1)(dy + dj +2)?
diy —np(c—1)+1
np(c—1)(dy +dp +2)?

Uy (dy) =

up(d) =

Depending on the sign of the numerator in the marginal utilities, we characterize the

Nash stable network with different cases:

1. if ny, > % then u/(.) < 0 for any value of dj;. Thus, the optimal choice for dj,
is the lower corner point: dj = 0. If ny < -1, then u/;(.) > 0 and the optimal

choice for dy is the upper corner point: d};, = d.

2. if ny > % and ng > c—%’ we have dj = 0 from the previous case. But now
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uy(.) < 0, thus the optimal choice for dy is the lower corner point: dj; = 0.

3.if L < np < L and ny > L, then wj(.) < 0if dj; = 0, hence dj = 0.
Similarly, u%(.) < 0 if dj = 0, hence dj; = 0. So dj = dj; = 0 is one SPE, but
there is another possible SPE. u/ (.) > 0 if dj; = d, hence d} = d and similarly
dy = dif d; = d. So d; = dj; = d is another SPE. It is easy to see that
mid-values for either dj; or dj cannot be SPE, because we have assumed nyc

and nyc are not integers, so the marginal utilities cannot be zero requiring the

optimal choices to be corner points.

4. if L < np < 4 and ny < -1, then w);(.) > 0 and the optimal choice for dy

is the upper corner point: dj; = d. Given d};, = d, then v/ (.) > 0 and dj = d.

5. if ny < -, then u}(.) > 0 and subsequently u/ (.) > 0 since ny < nz. Thus,
&t = di = d.

All equilibrium choices above have positive or negative marginal utility at the equi-
librium depending on the corner point they occur in. Thus adding or severing links
only reduce utility, which implies the solutions concepts above are also pairwise sta-
ble. Therefore, all equilibrium solutions above correspond to pairwise Nash stable

networks. O

Remark 3.1.1. As mentioned earlier, allowing for npc or ngc to be integers do not
lead to interesting predictions, but greatly expand the possible cases. For example, if

we allow ngc to be an integer, then in addition to cases (1) and (2) in theorem (3.1

d+1

we will have yet another case as following: if ny > 75

andng = ﬁ, then dj = 0 but
now dj; € {0,1,...,d} since the high type player will always have zero marginal utility
regardless of its choice. These edge cases are not interesting and we don’t explore

them further.

Corollary 3.1.1. If the game allows for cross-type edges, it is easy to see that the
network formation would exactly follow theorem[3.1. Because a high type player has
more incentive to share with another high type than a low type. Thus when dj; > 0 in

theorem [3.1], the connections will all be to the high type and when dj; = 0 there won’t
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be any connection to the low type either. Since the high type does not share with the
low type, a low type player will not share with the high type either resulting in two

disconnected components in equilibrium even if cross-type edges were possible.

Corollary [3.1.T]states that no sharing will occur from the high type to the low type.
The conditional cooperation argument [80], which is supported in lab experiments
[55], provides a mechanism behind this result. A high type player anticipates that a
low type cannot sufficiently reciprocate in the future, thus it reduces its cooperation

with the low type.

Corollary 3.1.2. Ifn > % and ng < C_Ll, then the expected utility of high type in

each round is Eluy ] = (dfﬁ. The total share of the high type as a group from the
riwalrous resource will be Uj; = %.

If the rivalrous resource was shared equally or there was no network, then we would
expect Elup,| = ﬁ and the total share of high type to be Uy = 3. Comparing this
equality baseline versus the Nash stable equilibrium outcome from corollary [3.1.2] we
conclude that if there is sufficiently high rivalry among the low type and sufficiently
low rivalry among the high type, the intergroup differences will be exacerbated in the
network game. The same conclusion would hold even if cross-type edges were possible.

In summary, the exogenous variation in the level of access to a rivalrous resource
leads to different strategies adopted by the low and high types such that information
sharing only occurs among the high type. This results from large differences in future
prospects of network benefits between the low and high type. The macro implication
of the adopted strategies is that the high type as a group will receive a larger share

of the common resource than expected simply by the exogenous differences.

4 Experimental Design

We now discuss a randomized experiment we developed using the Empirica platform
[6] to test the predictions of our model in a multi-player online game. The goal here

is not to exactly replicate the model predictions above as satisfying the assumptions
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of theorem is very challenging (e.g. it will require a large low type population
and even if so not all players will be strategic). Rather, our goal is to experimentally
verify that high type players cooperate at a higher rate than low type players and
as a result collectively receive a larger share of the common resource than expected

simply by their exogenous advantage over the low type players.

In this game, players are recruited and randomly assigned to either high or low type
and placed into different positions in a fixed network. The network is homophilous
by type. The game has multiple rounds and in each round one player from each type
receives valuable information about a rivalrous resource, in this case the location
of a gold mine on a map, and decides whether they want to share this information
with their neighbors in the network. Because there are less high type than low type
players, a high type player receives the information about the location of the gold mine
more often than a low type player. Players try to maximize their reward by finding
and collecting the gold over all rounds as it translates to their final compensation
in dollars. The gold mine is a rivalrous resource, as sharing it with others reduces
one’s reward in the current round, but sharing might still be a good idea for potential

reciprocated benefits in the future.

4.1 Status Structure and Randomized Resource Allocation

Each game has 9 players, 3 of which are randomly selected to be of high status (type)
and the remaining 6 will become the low status (type). In each round, the game
reveals the location of the gold mine to one randomly selected player from each type.
The game instruction ensures players are aware of the status structure and states that
the high type players receive the location of the gold on average in twice as many
rounds as the low type players. The instructions is purposefully vague on the exact
process and it could be interpreted as independent gold assignment in each round, but
to ensure a level of fairness so that players within each group potentially receive equal
payoffs, players within each group receive the location of the gold in equal number of

rounds and the game randomly shuffles the order they receive it.
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Figure 5.2: The structure of the network. Red (blue) nodes correspond to low (high)
status players. Each player has two neighbors with whom they can share information
about the location of the gold mine and is randomly assigned to a node in the network.

4.2 Reward Structure

The game needs to repeat over many rounds for player strategies to resemble an
equilibrium state. However, we are limited by the time each game can take and use
12 rounds since it also ensures high and low type players each receive the gold 4 and
2 times respectively. A gold mine in each round has $2.4 total value which will be
distributed equally among all players digging it. For example, if none of the players to
whom the gold is revealed originally share the information with their contacts, each
will receive $1.2 in that round. If each of them shares it with one neighbor, then each

of the four players digging will receive $0.60.

4.3 Network Structure

In contrast to our model which treats the network formation as an endogenous process,
the experiment simply uses a fixed network structure which corresponds to the model
prediction when the maximum degree is d = 2. The network will effectively have
three disconnected triangles, one with the high status and two with the low status
players. Figure [5.2] illustrates the network structure. The choice of two disconnected
triangles among the low status players rather than a single connected hexagon is
made intentionally to first avoid leakage or interference between pairs of users not
directly connected and second to make comparison with the high status network and
inference using resampling easier. Players upon arrival to the experiment platform
will be randomly assigned to a node in the network, which will also determine their

status.
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Figure 5.3: The snapshot of the first (sharing) stage in round 7. The player profile is
shown on the left and the neighbors list is on the right. In this case, the player and
their neighbors are all from the low status group with a red background. High status
profiles have a blue background. In this stage, the player has received the location of
the gold and is sharing it with the python.

4.4 Game Setup

The game has 12 rounds, however the instructions on the game does not specify the
number of rounds, as such the players do know when the game will end. Each round

has the following 3 stages.

1. Sharing Stage: In the first stage, the experiment platform reveals 10 random
squares of the map to each player. If a player is assigned to receive the location
of the gold, it will be revealed among these 10 squares. Each player then
decides which squares to share or not share with which of the two neighbors.
This decision is probably informed by the interactions with the neighbor in the

previous rounds. Figure [5.3] shows a screen snapshot of the sharing stage.

2. Digging Stage: In the second stage, the experiment platform reveals the
squares that were shared by the neighbors. If the gold mine was originally
revealed to the player or one of their neighbors shared its location with them,

the player can dig the location and is guaranteed to receive some reward. Oth-
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Figure 5.4: The snapshot of the second (digging) stage in round 7. This stage imme-
diately follows the snapshot shown in Figure [5.3 The squares that were shared by
one of the neighbors (python) are highlighted in green by hovering over the neighbor.
The player originally received the location of the mine and has selected its square to
dig.

erwise, the player can choose another square as a best guess to dig. Figure [5.4]

shows a screen snapshot of the digging stage.

3. Summary Stage: In the third stage, the full map is revealed and if the player
successfully dug at a gold mine, they will receive information about their reward,
which depends on how many other players were also digging. This stage also
summarizes the sharing decision of all neighbors. In particular, it shows the
player which squares (potentially including the gold mine) the neighbors decided
to share and which ones they decided to hide. Figure[5.5[shows a screen snapshot

of the summary stage.

5 Data

We collected data for 38 games that successfully finished with all players present.

Games were advertised on MTurk in batches of maximum 3 games so that no more
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Figure 5.5: The snapshot of the third (summary) stage in round 7. This stage
immediately follows the snapshot shown in figure[5.4 By hovering over each neighbor,
the player can see their sharing decision in this round. The squares that python
decided to share are highlighted in green and the squares they decided to hide are
highlighted in red. Since the player dug at a mine and there were 3 other players
digging too, the player receives $0.6 ($2.4/4).

than 30 players were connected to the platform at the same time. MTurk workers
who signed up for a batch received an email 15 minutes before the game started and
those who joined the platform were randomly assigned to a position in the network.
Each game took about 15 minutes and MTurk workers were not allowed to play more
than once. Data collection took a period of 2 weeks from 2021-03-22 to 2021-04-05.
Out of the 38 games, there were 10 games in which players of a single type missed
digging the gold more than once even if they knew its location. This can happen
either due to connection problems or player inattentiveness. As we also mentioned
in the pre-registration document, analyzing such games and comparing them against
a null model is challenging, because not only group level rewards will be lower due
to the missed opportunities but also inattentiveness might affect cooperation. As
outlined in the exclusion criteria of our pre-registration document, the final data
excluded these games and had 28 games with 252 unique players. Comparing the

treatment groups (high or low) along three basic demographic variables does not

142



0.6
0.4

204 Status Status = 2 Status
%] %]
S B High High S B High
Qo2 B ow Low Q02 B Lo

0.0 — 0.0/ il '

Female Male Other 20 30 40 50 60 Other HS Bach Grad
Gender Age Education

Figure 5.6: Distribution of player gender, age and education by treatment (status)
condition. In the education plot, HS, Bach, Grad refer to High school, Bachelor’s
degree and post-graduate degree respectively.

reveal a significant difference. The p-value of the two-sample chi-square test on gender
and education level between the high and low treatment groups are 0.69 and 0.79
respectively. Similarly, the p-value of the two-sample Kolmogorov-Smirnov test on
age is 0.35. Figure[5.6|compares the distribution of these variables among participants

across the status treatment.

6 Methods

Our main hypothesis is that high status players share the location of gold more
frequently than low status players. This leads to high status players as a group
receiving a larger share of total available gold than would be expected without network
sharing, which would have been about 50% given that exactly one high-status and one
low-status player receive the information in each round. Similarly, the mean reward
or mean fraction of total rewards that goes to a high type player is larger than the
value predicted without network effects. These hypothesis involve quantities at the
individual and group levels. Hence, we compare the experimental data against a null
model in two ways. In the first analysis, described in section [6.2] the dependent
variable is the within-status dyadic sharing rate and the null model indicates no
difference in sharing rate by status treatment. In the second analysis in section [6.3]
the dependent variable is the fraction of rewards to each status and the null model

predicts equal distribution of rewards to the status groups.
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6.1 Notation

In what follows, we let I;4(g,7,%) represent an indicator variable which takes the
value of 1 when the gold is revealed to player i in round r of game ¢g. Similarly,
Isharea(g, 7,7, 7) is a binary indicator that takes the value of 1 when player i shares
the gold with player j in round r of game g. Uy, is the utility or total reward of
player 7 at the end of game g. G corresponds to the set of all games, H, is a set that
contains the 6 directional edges in the form of (7, j) between high status players game
g and L, contains the set of 12 directional edges between low status players. Given
the notations above, we can express the average sharing rate from player i to player

J in game ¢ as followed.

Zre{l,...,m} Lshared (9,71, 7)
Zre{l,...,m} Igora(g, 1)

Sg,i,j — (52)

Similarly, we can define the average sharing rate within each status group as followed.

Z(i j)EH Sgij
S ,H e 5 g T (53)
! | Hy|
Z(i j)ELg Sgﬂ)j
Sg,L = JlL | (54)
g

6.2 Dyadic Sharing Rate

Our main hypothesis examines the difference in sharing rate, or P(sharing | gold is
revealed), at the level of each dyad across status groups. In this analysis, a unit of
observation is the sharing rate on a single directed edge over all 12 rounds or S, ; ;.
Since sharing is directional, there will be two observations for each dyad corresponding
to each direction. We compare the sharing-rate of high-status and low-status players

in two ways.

Fisher Exact Test: The sharp null here implies that status has no effect at all on
sharing decisions of a player. Since a unit of observation involves each directed edge,

we can use the difference in the mean sharing rate of high status group and low status
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group as the test statistic.

Z GSQH Z GSgL
t = ge ’ _ 9¢€ ’ 55
q @ (5:5)

The test statistic is effectively the estimated average treatment effect on the sharing
rate along a dyad where the treatment is the assignment of the dyad to high or
low status. Given the sharp null, we can conduct the usual Fisher randomization
technique to compute the exact p-value of our observed statistic. However, it is
important to note that not all randomizations are valid. A valid randomization should
generate three disconnected components with one as a high status clique similar
to figure [5.2l But more importantly, the randomization must maintain the same
neighbors for each player because the sharing rate of each player is dependent on
sharing decisions of their neighbors. If we had allowed randomizations that create
different pairings of players than the actual realized network, each player would be
exposed to a different neighbor history which could have changed their sharing rate. In
other words, the sharp null does not imply the sharing rate is independent of neighbor
actions, rather it only assumes independence from status labeling. Hence, we are
comparing against a conditional sharp null: conditioned on the realized assignment of

players to network positions, the status has no effect on sharing rate.

There are only 3 randomizations per game that keep positions and neighbors in
the network fixed but flip the status. In each randomization, the status of one of the
three triads in figure [5.2]is set to be high and the remaining two triads are low status.
Given 28 collected games, there are 32® possible permutations, so we use sampling
from these permutations to generate the distribution of the statistic under the sharp

null.

Average Treatment Effect: We could also test the effect of status against the
Neyman null of zero average treatment effect or ATE. The challenge is that the Stable

Unit Treatment Value Assumption or SUTVA is violated: the outcome of an edge not
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only depends on the status assignment of the players on each side of the edge but also
on the assignment of their neighbors in the triad. This implies that there is potential
spillover from one dyad to another. However, we are not interested in the effect of
individual status assignments, rather the status assignment in groups. We can denote
the potential outcome of a dyad as S(ty, ta,t3) where t1, t5 and t3 correspond to the
status or type assignment of the three players in the triad that contains the dyad and
S(ty,ta,t3) is the sharing rate from player with status ¢; to player with status t5. We
are not interested in causal quantities such as E[S(H, L, L) — S(L, L, L)], instead we
are after a causal quantity such as E[S(H, H, H) — S(L, L, L)]. This is because our
theory is about how groups of high status cooperate differently than low status and

not about the effect of individual status changes.

Using E[S(H,H,H) — S(L, L, L)| as the estimand addresses the SUTVA viola-
tion within each triad as the treatment now explicitly accounts for the full triad
assignment. Nevertheless, there is still the possibility of spillovers from discon-
nected triads since there is information flow between triads when sharing the com-
mon resource. Therefore, we expand the potential outcome function on a dyad to
S(ty,te,t3,14,ts5,t6, t7, ts, tg) where the first 3 arguments correspond to the status as-
signment in the triad that contains the dyad, the remaining 6 arguments correspond
to assignment of players in other triads and S(.) is the sharing rate from player with
status t; to player with status to. With this definition, the main estimand incorporates

the status assignment of players in other triads as shown below.

ATE = E[S(H,H,H,L,L,L,L,L,L)— S(L,L,L,L,L,L,H,H,H)| (5.6)

One could use a difference-in-means estimator similar to the one shown in equation
for the ATE above. If we were to assume sharing decisions of players are indepen-
dent of each other, we could conduct inference using a two independent sample t-test
with unequal variances. However, one might expect that the potential outcomes in
triads might be correlated. For example, it is possible that players engage in tit-for-

tat or grim trigger strategies, in which case their sharing rates might be correlated.
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In the terminology of linear regression, we would say that the error terms are corre-
lated in triads. Therefore, we need to account for this clustering in our inference. We
could account for this clustering by defining each triad in each game as a cluster (75
total clusters) and use cluster-robust standard errors. But since there is information
flow from one cluster to another during the game summary stages, one needs to be
conservative and use the games or the coarsest level possible as the clusters. The only
concern with this choice is the small number of clusters (28) which might adversely
affect our standard error estimate. However simulations with 28 games that use a
probabilistic grim trigger strategy among players of each triad suggest that the in-
ference with cluster robust standard errors and the game as the clustering unit has a
correct type I error (type I error = 0.03 when «=0.05) whereas the regular standard

error without clustering greatly over-rejects when the null is true (type I error = 0.12

when a=0.05).

In summary to conduct inference on the ATE in equation we use the following

regression model with cluster robust standard errors and each game as a cluster.

Sgij = Bo+ Pitgij +1Xg + €gij (5.7)

where S, ; ; as defined in equation is the sharing rate in the dyad from player ¢
to player j in game g, t,;; € {H, L} is the randomized status treatment on the tiad

that includes 7 and j and Xg’s are the game fixed effects.

6.3 Fraction of Group Rewards

Any difference in sharing rates will directly lead to unequal shares of total rewards
collected by the status groups. We conduct tests to evaluate whether the high status
group receives a larger fraction of the total gold than would be expected under the
null model. This analysis alleviates any concerns of dependence within games when
using sharing rates as the dependent variable since the unit of analysis is a game

which is clearly independent of other units.
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Null Model: We refer to the model of each player acting individually without any
network effects as the null model. Under the null model, utility solely derives from
the exogenous individual ability, captured by status in our experiment, and does not
have a network component. Without network effects, each group will receive about
half of the total gold available, but not exactly 50% since players can still guess the
location of the gold if it is not revealed to them. In particular, the low type will
receive slightly more than 50% since there are 5 players guessing the location in each
round as opposed to 2 in the case of high type. If we denote a binomial process
by Binom(n,p) where n corresponds to the number of trials and p is the success
probability, then the expected fraction of total gold earned by each group and their

ratio under the null model, denoted by uy, ¢, and p, take the binomial forms below.

1 + Binom(2,1/90)

=B =04 5.
i =Bl Binom(2,1/90) + Binom(5, 1 /90)] 0498 (5.8)
1 + Binom(5,1/90)
=k — 0.514 ,
= [2 + Binom(2,1/90) + Binom(5, 1/90)] 0.5 (5.9)
1 + Binom(2,1/90)
= = 0.994 5.10
? = Bl Binom (5.1/90)) (5.10)

where Binom(2,1/90) corresponds to a binomial process in which 2 high type players
without the gold guess its location among the 90 unrevealed squares and similarly
Binom(5,1/90) corresponds to the same process for the 5 low type players without
the gold.

Non-Parametric Test: This is be our primary analysis at the game-level. The

analysis involves the following two measures.

1. Mean fraction of total reward collected by the high status group.

i€ H Ug,i
=Y [%}/IGI (5.11)

geG 1€HgULg 95t

2. Mean ratio of total reward collected by the high status group over the low status
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We compare the above measures against their corresponding values from the null
model in equations [5.8] and using the one-sample Wilcoxon signed rank test.
With 28 games, we have (gg) possible permutations so we need to appeal to its normal
approximation to compute the p-value. The null hypothesis in Wilcoxon signed rank
test assumes symmetry around the median of paired differences. Since this might
not be appropriate, we also report the results from the weaker sign test whose null

hypothesis simply assumes the median is a given value.

Parametric Test: We compare the above measures, iy and p, against the null
model predictions using the one-sample t-test. This will be a secondary game-level
analysis since we don’t expect that the distribution of iz and p would be close to
their asymptotic normal under the null given only 28 games. In fact, our simulations
suggest that this test has a higher type I error rate than the significance level with
n = 28 (e.g. type I error=0.018 when a=0.01).
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Figure 5.8: Probability of sharing conditioned on receiving the gold per round (left)
and over all rounds (right) by status of players. Bars in the left plot correspond to
standard error while they correspond to 95% confidence interval on the right

7 Results

We present the results of different analysis methods in the same order as described

in section

7.1 Dyadic Sharing Rate

Fisher Exact Test: Figure shows the result of this analysis. The test statistic,
in equation [5.5, is effectively the average treatment effect at the dyad level. The
statistic is positive and significant (two-tailed p = 0.0067 with 50000 simulated ran-
dom assignments) indicating that the high status treatment has a higher sharing rate

than the low status treatment.

Average Treatment Effect: Figure[5.§compares the mean sharing rate along high
status and low status dyads as defined in equations [5.3] and [5.4 The results clearly
indicate that the high status players share the rivalrous resource with each other at
a significantly higher rate in all rounds and overall. This suggests that the rivalry in
resource sharing promotes strategic behavior, especially among the low status players.
This can be further validated by examining the number of non-gold squares shared

by low status players. The game revealed 10 squares to each player in each round,
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Figure 5.9: Mean number of non-gold squared shared per round (left) and over all
rounds (right) by status of players. Bars in the left plot correspond to standard error
while they correspond to 95% confidence interval on the right

one of which could be a gold mine, and the players could share any number of these
squares with any of their neighbors. Sharing non-gold squares might still be a form of
cooperation since it helps the other players to find the gold mine through the process of
elimination. Figure [5.9] compares the mean number of non-gold squares shared along
high status and low status dyads. As opposed to the results for sharing the gold mine
itself, we observe that low status players share more squares on average than high
status players. This finding suggests that low status players act very strategically
as they tend to keep the rivalrous resource exclusively, but nevertheless share other
valuable information with their neighbors hoping to keep a cooperative relationship

in the future.

Table [5.1] shows the formal inference results on the average treatment effect. The
model explained in section with cluster robust standard errors at the game level
is included in the second column. According to this model, random assignment to
a high status triad causes the sharing rate to increase by about 19%. The cluster
robust p-values from models with and without game fixed effects (columns 2 and 3)

are p = 0.011 and p = 0.009 respectively.
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Table 5.1: Estimated Average Treatment Effect under different models. First column
includes the game fixed effects but uses regular standard errors. Second column
includes game fixed effects along with cluster robust standard errors. Third column
does not include the fixed effects but uses cluster robust standard errors. Fixed effect
estimates are not shown.

Dependent variable:

Sharing Rate
(1) (2) (3)

High Status 0.190*** 0.190** 0.190***
(0.038) (0.074) (0.072)
Constant 0.187** 0.187*** 0.393***
(0.095) (0.025) (0.040)
Cluster Robust SE No Yes Yes
Game Fixed Effects Yes Yes No
Observations 504 504 504
R?2 0.216 0.216 0.042
Adjusted R? 0.170 0.170 0.040
Residual Std. Error  0.400 (df = 475)  0.400 (df = 475)  0.430 (df = 502)
Note: *p<0.1; *p<0.05; **p<0.01

7.2 Fraction of Group Rewards

In this section, we present the results of hypothesis tests that compare the observed
fraction of rewards earned at the end of the game by the high status group (fig from
equation and the ratio of high and low status rewards (p from equation
versus their respective null model predictions in equations and [5.10

Non-Parametric Test: Given the small sample size (n = 28), non-parametric
tests that don’t make any assumption on the distribution of the test statistic seem to
be more appropriate. The null model in the following non-parametric tests assumes
that the median of the distribution, from which we observe fiy values, is equal to fz.
The one-sample Wilcoxon signed rank test rejects the null model with p = 0.021 and

(0.507,0.580) as the 95% confidence interval for the fraction of rewards collected by
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Figure 5.10: Share of each group from total gold distributed over the game versus
their expected share (left). The ratio of high status group versus low status group
total gold distributed over the game compared with the expected ratio (right). Bars
correspond to 95% confidence interval.

the high group. The weaker sign test also rejects the null model with p = 0.013.

We could conduct the same tests using a different statistic and compare the ob-
served ratio of rewards p against its null model prediction p. The one-sample Wilcoxon
signed rank test rejects this null model with p = 0.010 and (1.064, 1.426) as the 95%
confidence interval on the true ratio of rewards p. The sign test also rejects the null
with p = 0.012. The direction of the observed statistic relative to the null in all the
tests above indicate that the high status group collects a larger share of the rivalrous

resource than expected under the null model without network effects.

Parametric Test: Figure compares the mean fraction of total rewards col-
lected by each group and their ratio against the null model predictions in equations
.8 5.9 and The results indicate that the high status assignment has a positive
and statistically significant impact on the share of rewards collected by the group.
The one sample t-test on the fraction of rewards by the high group rejects the null
with p = 0.016 and (0.507,0.576) as the 95% confidence interval. Similarly, the t-test
rejects the null on the ratio of rewards with p = 0.003 and (1.090, 1.430) as the 95%
confidence interval. However, as we mentioned in section [6.3] our simulations suggest

that the type I error rate of the parametric t-test with n = 28 is slightly higher than

153



the a, so the results above might not fully satisfy the asymptotic assumptions. Nev-
ertheless, our non-parametric tests provide clear evidence rejecting the null, offering

more credibility to the findings from these parametric tests.

8 Conclusion

The persistence of inequality has been linked to social networks [I08]. The most com-
mon account of network effects on inequality takes a purely structural perspective
since it considers homophily and network segregation as the drivers of unequal access
to opportunities. While this is largely true, a purely structural view misses the nu-
anced processes that occur in networks [162]. With a simple example of diffusion in
networks, we showed that network structure and homophily does not explain how one
group can take a “larger share of the pie” than expected solely based on heterogeneity
in individual ability. In this paper, we go beyond the simple structural perspective
and examine one potential process that affects the unequal distribution of resources.
In particular, we assume that agents in a network share information about a common
rivalrous resource, and are heterogeneous in terms of their individual ability in ac-
cessing the resource. As opposed to the structural perspective which treats agents as
myopic, we assume they are strategic and forward-looking. This makes sense since the
rivalry in a valuable resource necessitate competition and strategic cooperation. Our
experimental results further validate that individuals engage in strategic behavior.
We develop this process into a repeated game of information sharing in networks
where network formation is endogenous to the model. There are two types of agents,
one with a higher probability of accessing the resource in each round than the other,
and each agent decides whether to share information about the rivalrous resource
with any other agent. If the differences between agents type are sufficiently large, the
model predicts that information sharing or cooperation in the pairwise Nash stable
network exists only among the high type. As a result, the high type as a group
will receive a larger share of the rivalrous resource than expected solely based on the

exogenous probabilities which can be thought of individual ability without network
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sharing. Furthermore, a randomized multi-player lab experiment that closely mimics
the game validates the model predictions. We observe that players who have a higher
probability of accessing a valuable resource, which directly translates to monetary
reward, are about 19% more likely to share it with their other high status neighbors.
Both the theoretical and experimental results indicate the importance of network
processes other than simple diffusion in generation of inequality. One can think of
the status differences among players in terms of accessing the valuable resource as
differences in human capital and the number of neighbors with reciprocal cooperation
as social capital. Thus, our results suggest that the interaction of human capital and
social capital play an important role in unequal access to opportunities. It also invites
further experimental and modeling studies to fully characterize how differences in

human capital lead to inequality in social capital [63 [8§].

We hope our study of network effects on group-level outcomes contributes to the
larger discussion around why a small minority can take an exceptionally large share
of common resources. The model predictions demonstrate how the differences among
agents and the relative scarcity of the resource in each group lead to cooperation
among the high status but competition among the low status to benefit from the lim-
ited stock of valuable resource. The extreme scarcity in the low status group prohibits
the formation of social capital and promotes a form of elite capture. The model also
implies that the low status type is stuck in a durable poverty trap because inequality
is the equilibrium of the incentive structure in the network, an argument that is inline
with views of inequality as a process [162]. The formation of inequality in this process
is an example on how micromotives (e.g. cooperation) lead to macrobehavior (e.g.

larger share of the pie by one exclusive group) [155].

Many recent studies have looked at urban segregation, status homophily and lack
of mixing in networks and have reported a link, albeit correlational, between inequal-
ity and the extent of clustering and homophily [163] [165]. These findings have been
the basis of a policy recommendation to promote cross-group linking in social struc-
tures as a means of combating inequality. While interventions that bring diverse

people together and facilitate inter-group linking could be helpful, without changing
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the underlying incentive structure of inter-group linking, their impact would not be
as large as one hopes. Our model suggests that, at least when it comes to sharing
limited common resources, inter-group links are difficult to create and persist and
even if they were to form due to policies that encourage mixing, valuable information
would rarely be shared across them. This happens due to the incentive structure
of cooperation between low and high status groups in social networks which reduces
the extent of possible reciprocity and consequently the motivation for high status
individuals to share valuable information with the disadvantaged group. A potential
remedy to this problem is to limit the visibility of individual endowments, as recent
studies have shown that visibility of advantage increases inequality [I51] and nega-
tively impacts cooperation [137]. In the context of our model, if it is not easy to
observe the agent type, we would expect more inter-group linking and cooperation.
However, the efficacy of this approach over long-term might not be stable as agent

types can eventually be inferred.

The lack of cooperation in the low status group originates from the rare ability
of accessing valuable resources by the group. Thus, it might be helpful to target
individuals in the low status group by investing in their human capital. While this
will improve the chances of accessing resources and opportunities by those individuals,
it does not make them more likely to cooperate with the rest of the low status group
because this interventions does not change the underlying incentive structure among
the disadvantaged population. The barrier to cooperation in the low status group is
a group phenomena and thus requires an intervention at the group level rather than
individuals. The ideal intervention is one that empowers the whole group by investing
in their human capital just enough to tip the balance in favor of cooperation rather
than competition. This intervention not only helps the individuals to access valuable
resources independently (e.g. find jobs and be productive), but also increases the
incentives for others in both high and low status group to share valuable information
with them. A broad investment in the disadvantaged population just enough to
overcome the barriers to cooperation has multiplicative effect on their outcome as

it also enables the formation of social capital, improves the outcome of the whole
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group and reduces inter-group differences even beyond what’s expected by individual
differences. When information sharing becomes the dominant strategy of the low
status group, network effects in fact alleviate inequality in a manner similar to what

we described at the beginning of the paper and illustrated in figure [5.1b]
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Chapter 6

Conclusion

The findings presented in this dissertation contribute to the growing literature around
the network origins of economic outcomes, inequality and its persistence in multiple
and original ways.

For the first time, we used Facebook communication data and economic indicators
in US counties to establish an empirical link between the residents’ economic well-
being and the counties network structure. We found that US counties rich in long ties
(i.e., those bridging different communities, representing structural diversity) report
better economic outcomes along various indicators such as income, unemployment
and social mobility. This finding is novel in at least two ways. While the relation
between long ties and economic outcomes has been theorized in the past, it has been
empirically studied solely within the corporate context. The link between structural
diversity and general economic outcomes outside of a firm hasn’t been demonstrated
empirically using large-scale data from the wider US population. In addition, we
found that long ties are more frequent in individuals of older age who are relatively
educated, but more importantly those who have experienced major disruptive events
such as mobility and migration in the course of their lives. Critically, our findings
suggest that long ties are not created simply as a consequence of these life events
(e.g., people migrate, hence they have more long ties), but because of the specific
behavioral and social skills that people develop when they go through such major

changes. For example, individuals learn how to avoid social categorization, connect
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with different communities and adapt to changes during the migration experience, and
going forward, will retain such skills that are crucial in developing and maintaining
structurally diverse networks which in turn lead to better economic outcomes. We
explored three different case studies all involving disruptive events and observed that
individuals with those experiences tend to have more long ties many years after the
event than those without them. In our analysis, we attempted to control for potential
confounders and designed the analysis in ways that minimize the risk of unobserved
endogeneities, nevertheless the exploration of the causal link between these major life
changes, behavioral skills and better economic outcome will be the subject of our

future investigations.

Second, we studied the determinants and the impacts of unequal diffusion in
networks. We provided observational evidence that individuals from low status groups
receive lower marginal benefit from networking compared to individuals from high
status groups. We attributed this phenomenon to network homophily which is the
tendency for high status individuals with high levels of novel information to link with
each other and not to low status individuals. Homophily leads to heterogeneity in
potential social resources available in two ego-networks with the same structure but
from two distinct (high vs low) social status groups. At its core, the differential
in marginal benefits arises from homophily which causes the unequal diffusion of
information and resources in social networks: valuable resources originate from high
status group and remain exclusively there. We provided causal evidence for unequal
diffusion in the context of a randomized seeding experiment where a new piece of
information diffuses in the network. In the experiment, the diffusion exhibited a
highly unequal pattern as the information was more likely to reach the social group to
which the randomly assigned seeds belonged to. These findings might have important
implications for economic policies of social mobility. For example, it suggests that if
a new economic opportunity comes along, it will have higher chance of making it to
those who already have a certain economic advantage, rather than to those who are
economically marginalized. We found this result particularly powerful since unequal

diffusion has serious implications in terms of unequal access to opportunities.
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Third, we examined how network structure leads to unequal diffusion in more
detail. We showed that common network models fail to capture unequal diffusion
and almost always underestimate it because these models ignore brokerage patterns
in networks. Gate keeping and brokerage are very common in social structures and
occur when the links from one community to another have to go through a small num-
ber of individual brokers. Thus we developed a random network model that accounts
for brokerage and by doing so explains the network structure of unequal diffusion and
significantly improves the predictions on the extent of diffusion to various groups in
the network over the existing models. This model showed that any departure from the
uniform distribution of links to information sources — among members of a group —
limits the diffusion of information to the group as a whole. The unequal distribution
of cross-group links presents effects of both first and second order: not only some
individuals will have fewer direct links to information sources than others, but also
the whole group will have fewer diffusion paths to the information sources. From a
structural point of view, distributing the few existing cross group links equally among
all individuals in a group will lead to both higher levels of access to economic infor-
mation and more equal distribution of such opportunities than the common pattern
of centralization and accumulation in the hands of few individuals. Most impor-
tantly, the argument implies that while brokerage-like patterns are beneficial for the
individual brokers in a group, they at the same time actively contribute to unequal
opportunities and worse outcomes for the whole group. This work also offered some
methodological advances on the evaluation of network models. Models are often fit to
the data using a single insight or criteria, for example the prevalence of cross-group
links in the Stochastic Block Model, and evaluated solely based on that criteria but
the fitted models are often used to examine other network characteristics such as
diffusion structure. By re-sampling from the fitted model and comparing the distri-
bution of other network statistics, that are not explicitly accounted for in the model,
with the observed network, we showed how one could obtain a better understanding

of model validity and generalization.
Finally and after giving a purely structural perspective on networks and inequality,
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we focused on how more nuanced processes such as strategic behavior in networks
exacerbate existing inequalities. We focused on information sharing in networks and
discussed how a mechanism that is closely related to scarcity of resources widens inter-
group differences and yields different returns on social capital to different group. In an
information sharing game, individuals compete for a rivalrous resource over repeated
rounds. The subgame perfect equilibrium predicts lower cooperation among lower
status agents, which in turn leads the whole group to receive a small share of the
common resource. The main insight behind the equilibrium is that more intense
competition over limited resources in the low status group leads to lower levels of
cooperation and information sharing than the high status group. We also validated
this prediction in an online lab experiment by recruiting Amazon Mechanical Turk
workers to play an online collaborative game in which they had to find and dig
gold mines and in the process could pass information to their neighbors according to
their local network structure. We found that the players which had a lower chance
of receiving the gold in each round were less likely to share it with their contacts
when they received the gold. As a result, these low status players took “a smaller
share of the pie” than what was expected by the individual differences in “ability”.
The results indicate that individuals in low status groups who have limited access to
rivalrous opportunities do not have enough incentives to share such resources with
other low status individuals as they would not get relevant resources in exchange.
On the contrary, individuals in high status groups help each other out by sharing
relevant information, as they know they can expect a return on their investment. As
a result, low status individuals who have limited access to valuable resources persist
in being low status, while the high status individuals who already have better access
to resources gain even more advantage, widening any initial gaps over time.

While being conscious in transferring results from simple models, controlled ex-
periments and empirical analysis to real world scenarios, we conclude by highlighting

that — taken at once — our work suggests that:

e In the US, neighborhoods with structurally diverse connections to other geo-

locations are economically more prosperous and better positioned to obtain

162



valuable information. Analysis of communication ties among 120 million in-
dividuals over 6 months suggest a close link between network structure and
an array of important economic indicators such as social mobility and income.
These findings suggest a potential network pathway through which inequalities
could become reinforced since economic opportunities seems to be geographi-

cally concentrated;

Individuals who are able to consciously establish and maintain structurally di-
verse networks with many long ties and at the same time turning these connec-
tions into intimate, trustworthy links (strong ties) have more social capital and

resources which improve their economic outcomes.

These individuals are likely to have faced constructive challenges — such as
migration — during the course of their lives and a valuable set of skills developed
out of these experiences. In the words of Nietzsche, “Out of life’s school of war

— What does not kill me makes me stronger”.

The importance of skills in forming valuable networks suggests an array of
policies to first fully characterize the nature of these skills and second equip

individuals with these skills as a means of combating inequality;

When we look at the diffusion of economic opportunities among low status and
high status individuals, we observe that social networks by nature of homophily
and brokerage have mechanisms that keep the opportunities exclusive to the

high status group and limit the social capital of low status individuals;

The incentive structure for cooperation in networks is yet another barrier in
combating inequality. Given that valuable resources are often limited in stock
and rare among low status individuals, there will be adverse competition over
these resources in disadvantaged groups in ways that inhibit formation of social
capital and trust. To counteract inequality, one needs to change the social
structure in ways that incentivize sharing opportunities among low status fellows

and thus generate social capital.
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The main takeaway of this work is that policies aimed at counteracting inequality
that target individuals might be a good starting point but not sufficient in themselves
to fight inequality efficiently and on a large scale. Because of the network mechanisms
we tested and explained in this dissertation, such policies risk to lift up a few selected
individuals while at the same time perpetuating inequality among those who are
left behind. One way to counteract this network effect might be to make sure that
those low status individuals who get access to opportunities receive incentives to share
resources with other low status individuals once they become high status. Our models
suggest that, indeed, this does not normally occur when incentives are not in place.
Potentially, the best policies involve distributing assistance and resources equally and
lifting a whole group out of poverty since the individual benefits will be amplified by

the existing social capital and the feedback mechanisms present in social networks.
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