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ABSTRACT. A growing literature studies social networks and their implications for economic
outcomes. This paper highlights, examines, and addresses econometric problems that arise
when a researcher studies network effects using sampled network data. In applied work,
researchers generally construct networks from data collected from a partial sample of nodes.
For example, in a village, a researcher asks a random subset of households to report their
social contacts. Treating this sampled network as the true network of interest, the researcher
constructs statistics to describe the network or specific nodes and employs these statistics
in regression or generalized method-of-moments (GMM) analysis. This paper shows that
even if nodes are selected randomly, partial sampling leads to non-classical measurement
error and therefore bias in estimates of the regression coefficients or GMM parameters.
The paper presents the first in-depth look at the impact of missing network data on the
estimation of economic parameters. We provide analytic and numeric examples to illustrate
the severity of the biases in common applications. We then develop two new strategies to
correct such biases: a set of analytic corrections for commonly used network statistics and
a two-step estimation procedure using graphical reconstruction. Graphical reconstruction
uses the available (partial) network data to predict what the full network would have been
and uses these predictions to mitigate the biases. We derive asymptotic theory that allows
for each network in the data set to be generated by a different network formation model.
Our analysis of the sampling problem as well as the proposed solutions are applied to rich
network data of Banerjee, Chandrasekhar, Duflo, and Jackson (2013) from 75 villages in
Karnataka, India.
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1. INTRODUCTION

A growing literature examines social networks and their implications for economic outcomes
(see e.g., Jackson, 2008b, 2009a,b for an extensive survey of the literature). A network
represents a set of connections (edges) among a collection of agents (nodes). For example,
in a village network, nodes may represent households and edges may represent social ties
between households. Applied researchers typically construct a network from data that has
been collected from a partial sample of nodes rather than from all nodes in the network.
Henceforth, such a network will be called the sampled network. This sampled network is
often naively treated as the true network of interest. The researcher uses a collection of
sampled networks to estimate how network structure affects economic outcomes. In our
example, a researcher may study how the shape of the social network influences a social
learning process. This paper highlights, examines, and addresses econometric problems that
arise when a researcher studies these network effects using sampled network data.

Examples of network-based regressions in applied work include Kremer and Miguel (2007),
who study the diffusion of deworming pill take-up, and Hochberg et al. (2007), who regress
fund performance on measures of network importance of venture capital firms.! The applied
work typically has low sampling rates (the share of nodes sampled), with a median of 42%, and
2/3 of the papers having a sampling rate below 51% (see Appendix F for details). Despite the
prevalence of partial sampling, its implications for the estimation of economic parameters are
rarely considered. A notable exception is Conley and Udry (2010) who study the diffusion
of information among pineapple farmers in Ghana. Aware of the sampling problem, they
conduct robustness exercises.

Our goal is to analyze the effect of using sampled network data on the estimation of pa-
rameters in network models of economic behavior given a fixed underlying network structure.
Henceforth, we call these the “economic parameters” without meaning to suggest that network
formation itself is not economic.? In general, we are interested in parameters in a generalized
method of moments (GMM) model, motivated by theory, describing the behavior of nodes in
a network. The biases in estimates of economic parameters have not yet been systematically
dealt with. While GMM is a general framework, two common classes of models allow us to
explicitly characterize biases and are easier to work with due to their linearity: regressions
of economic outcomes on network characteristics and regressions of a node’s outcomes on its
!There are numerous other examples. Kinnan and Townsend (2011) study whether whether households that
are socially closer to credit sources smooth consumption better. Leider et al. (2009b) and Goeree et al.
(2010) study the effect of social proximity between pairs on the offers made in dictator games. Alatas et al.
(2016) and examines whether networks with better diffusion properties actually induced greater information
spreading. De Giorgi et al. (2010) study how network neighbors’ major choices affect a student’s own major
choice. Banerjee et al. (2013) study how network centrality of the initially informed influences the diffusion of
microfinance. Cai et al. (2015) study how information about an insurance product spreads through a social
network and look at heterogenous peer effects by cenrality of the peer.
2While parameters which describe the process by which networks are formed certainly are economic, we

reserve “economic parameters” in our environment for parameters that describe a process that occurs on fixed
networks.
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network neighbors’ outcomes. After characterizing the biases, we propose two strategies to
correct such biases: a set of analytical corrections for commonly used network statistics and
a two-step estimation procedure using graphical reconstruction — i.e., integrating over the
missing data — that can be applied more broadly.

We focus on a running example throughout the paper: the diffusion of microfinance in 43
villages in rural Karnataka, India (Banerjee et al., 2013). A microfinance institution (MFI)
based in Bengaluru expanded into these villages. Upon entering a village, the MFT informed
certain households about its intentions and asked them to encourage others to join. The
researcher wants to estimate how networks affect the diffusion of microfinance participation
through these villages.

The present paper makes two core contributions. Qur first contribution is to highlight and
analyze the biases in estimates of economic parameters when using sampled network data. We
develop analytical examples for commonly used network statistics, motivated by an applied
economics questions concerning diffusion of information, social collateral, and risk-sharing.
Next, we derive the corresponding biases that emerge when each of these statistics is used in
regression. We show that even with random samples of the network the standard argument
for attenuation due to classical measurement error does not apply; coefficients may expand,
attenuate, or switch signs depending on the network statistic of interest. In addition, we
consider a model in which a node’s outcome depends on its peers’ outcomes and a node’s
peer group is defined by the set of its social connections (Bramoulle et al., 2009; De Giorgi
et al., 2010). We show that the instrumentation technique used in the literature to overcome
the reflection problem (Manski, 1993) in such models is invalid since the measurement error
in the instrument will be correlated with the measurement error in the endogenous variable.
Similarly, we consider GMM estimation of the Jackson and Rogers (2007b) model of diffusion
and show that sampling the network induces expansion bias in the diffusion parameter. We
supplement our analysis with numerical evidence for a wide array of examples to illustrate
how sensitive econometric estimation is to the sampling of a network. In our numerical
experiments, we estimate many models across a number of network statistics. At a sampling
rate of 1/3 we find that the estimates of the economic parameters have a mean absolute bias
of 90% with a maximum of 260% for network-level regressions and a mean absolute bias of
63% with a maximum of 91% for node-level regressions.

Our second contribution is to develop two strategies to alleviate the biases: analytical cor-
rections that apply to commonly used network statistics and two-step estimation using graph-
ical reconstruction, which uses the observed part of the data to probabilistically reconstruct
the missing part and then estimate the economic parameter accordingly.

First, by explicitly characterizing the biases, we derive simple bias corrections when the
problem is tractable. We discuss several corrections and explore their reliability in address-
ing the biases. While computationally simple and easy to implement, these methods are

typically limited to network-level regressions and are dependent on the particular network
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statistic of interest. Thus we develop a second, more general method that works well in
practice — estimation by graphical reconstruction — to consistently estimate the economic pa-
rameter. Graphical reconstruction is simply asking the researcher to estimate the probability
distribution governing each network and then integrate over the missing data. Integration
over missing-at-random data is, of course, a well-practiced technique. We are particularly
interested in the complications arising from the fact that researchers will have many different
networks, each representing one draw from a distinct distribution, and ask whether, despite
the extensive heterogeneity, researchers can consistently recover their economic parameters.
This is analogous to fixed effects in a non-linear panel model. We establish checkable suf-
ficient conditions under which the heterogeneity in the data can be respected and yet the
economic parameter of interest is still consistently estimable. We check that several models
satisfy these conditions. Note that graphical reconstruction does not limit the researcher to
network-level regressions nor to specific and tractable network statistics.

Consider the case where a researcher wants to perform a network-level regression of the rate
of microfinance participation in a village on the average path length of the network.? Without
data on the entire network, the researcher falsely codes some existing links between individuals
as if they do not exist. Graphical reconstruction builds on the simple idea that replacing every
regressor for each village with a conditional expectation of the regressor delivers a consistent
estimate of the regression coefficient. In our example, instead of using the mismeasured
average path length of each network, the researcher ought to use the conditional expectation of
the average path length, given the observed data. This requires integrating over all the missing
data, given the observed information and sampling scheme, as opposed to treating missing
links as if they did not exist. What complicates matters is that because different village
networks form heterogeneously — potentially depending on different distributions — we are
interested in the case where researchers respect this heterogeneity in their analysis. To do this,
researchers need to accurately estimate the distribution governing each network’s draw tightly
and then integrate over the missing data. By treating every network as an independent, but
not identically distributed, random variable, we estimate the conditional expectation of the
average path length in every network and consistently estimate the regression coefficient.

In practice, the researcher will have to estimate the distribution of missing links. We
propose a two-step procedure. In the first stage, the researcher fits a potentially different
model of network formation to each network in the sample by making use of the observed
data. We take no stand on the particular model and leave it to the researcher. Having
done so, the researcher uses the network formation models to take draws of networks from
their respective distributions, conditional on the observed information. Using these draws,
the researcher estimates the conditional expectation of the regressor or moment in a GMM

setting. In the second stage these conditional expectations are used in the usual way to

3The average path length is the mean of all shortest paths between all pairs of nodes in a network. Shorter
paths mean that nodes are more likely to hear about information in most reasonable models.
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estimate the economic parameter of interest. Conley and Udry (2010) perform a robustness
exercise where they estimate missing neighborhood data in their regression model, which is
an instance of graphical reconstruction.*

This two-step procedure is useful for several reasons. First, it allows the researcher to
capture realistic heterogeneity by estimating a different model of network formation for ev-
ery network.” Second, our theoretical frame is general, and we establish sufficient conditions
ensuring that a desired class of network formation models can be used in graphical reconstruc-
tion. To build intuition, we make the analogy with panel data. Every network (individual in a
panel) is independent, but the edges within a network (outcomes for an individual across time
periods) exhibit dependence. Under regularity conditions, a large network, similar to a large
time series, may contain enough information such that the researcher can use the observed
data to accurately estimate the distribution which generates the network formation process
(see, e.g., Chandrasekhar and Jackson (2016)). The technical challenge that we overcome is
to control an incidental parameter problem, where a parameter for every network must be
estimated.® Third, in our numerical experiments, it performs well. Even at a sampling rate of
1/3, the median bias is 5.7% for network-level regressions and 1.4% for node-level regressions.
The median reduction in bias is 62%. Each of the 96 estimated parameters shows reduction
in bias when the reconstruction estimator is applied. Fourth, in addition to regression of
economic outcomes on network statistics, the methodology can be applied to GMM models
and those with a family of moment functions indexed by some parameter which presents
technical challenges. Covering these cases is essential to network analysis because natural
models, such as stopping time models for diffusion, may carry an index.

Of course, given this procedure requires integrating over missing links, it is more demanding
in terms of assumptions. In addition to having a collection of sampled networks and outcome
variables, we assume that the researcher has covariates for each node (or pair of nodes) that
will be predictive in the network formation models. Examples include GPS coordinates,
ethnicity, and caste, which are often readily available in development applications and are
obtained during the listing process in each enumeration area. In the economics of education
settings, consider school networks, where it is straightforward to obtain school rosters and
demographic data for the entire collection of students.

To demonstrate another practical application of our results, we describe how researchers
can employ our framework to make better decisions in collecting sampled network data, given
their budget constraints. We provide an algorithm to assess the trade-off between the number

of networks in a sample and the sampling rate a researcher uses. This exercise is similar in

4The present paper develops a general theoretical framework, along with asymptotic analysis, that nests this
strategy. We believe that estimates from graphical reconstruction ought to be used not only for robustness
checks but also as estimates in their own right that exhibit substantially less bias. Additionally, with 4
networks in a sample, it is unlikely that the approach delievers consistent estimates in their case.

5In fact, we show in our empirical analysis that the degree of heterogeneity across our sample of 75 Indian
village networks is such that treating them as draws from the same distribution can lead to misleading results.
5This resembles non-linear fixed effects in a panel (Hahn and Kuersteiner, 2004; Hahn and Newey, 2004).
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spirit to power calculations frequently used in applied field work. First, the researcher obtains
100%-sampled network data for a small number of randomly chosen villages, using a pilot
budget. Second, the researcher performs a numerical experiment by simulating outcome data
from a specification that the researcher anticipates studying. In our microfinance example,
the researcher simulates outcome data as a function of the path length from the initially
informed households by assuming a regression coefficient and an R2?. Third, the researcher
draws, with replacement, a set of villages sampled at a given rate such that her budget is
exhausted. By applying graphical reconstruction, the researcher can assess the mean-squared
error minimizing choice of sampling rate (or other sensible loss functions of their choosing).

We then apply our analysis of the sampling problem as well as the proposed solutions to
sampled network data, collected in part by the authors, from 43 villages in Karnataka, In-
dia. Banerjee et al. (2013) study the diffusion of microfinance and, inspired by this analysis,
we study natural specifications motivated by diffusion theory. We examine parameter esti-
mates using the raw sampled data and compare them to those obtained by applying graph-
ical reconstruction or analytical corrections. We find that applying our methods at times
greatly changes parameter estimates and economic inferences. For instance, the impact of
the network centrality of initially informed households on the microfinance take-up rate in
the village is under-estimated by 33% using the raw sampled network data when compared
to using graphical reconstruction. In addition, a regression of a node’s take-up decision on its
neighbors’ decisions shows that endogenous network effects may be severely under-estimated
(with a 60% bias relative to the corrected estimate) or even switch signs (with a 166% bias
relative to the corrected estimate). Moreover, regression coefficients in several specifications
are not significantly different from zero at conventional levels when using the raw sampled
data but are significantly different when applying the reconstruction estimator.

Related literatures across a number of fields including economics, epidemiology, statis-
tics, sociology, and computer science have extensively noted problems due to partial network
data. The classical literature begins with Granovetter (1973), Frank (1980, 1981), and Sni-
jders (1992) who identify how average degree and clustering are affected by several modes of
random sampling. Rothenberg (1995) provides an excellent overview of the literature. More
recently, the literature has focused on two classes of numerical experiments, typically with a
single network.” The first class documents biases that emerge when estimating parameters in
a network formation model with partial data (e.g., in economics, Santos and Barrett, 2008).
Second, the literature numerically describes behavior of certain network statistics under sam-
pling (e.g., in epidemiology, Ghani et al., 1998 and sociology, Kossinets, 2006). Handcock and
Gile (2010) offer the straightforward solution to the first problem: by augmenting the like-
lihood to include the sampling scheme one can, in expectation, recover the correct network

formation parameter.

"Santos and Barrett (2008) also provide an extensive discussion of survey methodology and Thompson (2006)
discusses sampling methodology and inferences on the degree distribution and network size.
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Our work builds on the above literature, with several key differences. First, prior to
(the first version of) this paper, the literature typically has not focused on nor developed a
methodology to consistently estimate parameters from models of behavior on networks with
sampled data. The substantive distinction here must be stressed. We are not interested in
recovering the structural properties of the unobserved part of the network per se; instead,
our goal is to understand the biases in estimation of these economic parameters and develop
a method to recover them.® Second, while augmented likelihood techniques for missing data
are well-known in econometrics and statistics, we note that a collection of networks provides
the researcher with a unique opportunity to set up the reconstruction problem in a manner
which respects the substantial heterogeneity across networks. That is, a number of technical
assumptions needed to control incidental parameter problems (e.g., nonlinear panel with
fixed effects, Hahn and Kuersteiner, 2004; Hahn and Newey, 2004) become very palatable
in the network context, given that each network carries within it tremendous amounts of
information. Consequently, graphical reconstruction focuses on conditional expectations of
network regressors or moments to consistently estimate economic parameters when graphs
are drawn from heterogenous network formation models. This environment generates distinct
technical challenges.

Finally, our work is of course related to the recent explosion in network formation mod-
els. An incomplete list of recent work includes Currarini et al. (2009), Christakis et al.
(2010), Goldsmith-Pinkham and Imbens (2013), Boucher and Mourifié (2012), Leung (2014,
2013), Kolotilin (2013), Graham (2014), Mele (2016), Badev (2016), Sheng (2016), de Paula,
Richards-Shubik, and Tamer (2014), and Menzel (2016), which all develop econometric net-
work formation models. These works vary in aspiration and implication (e.g., partial versus
point identified, consistently estimable parameters or not, nature of microfoundations), a dis-
cussion of which is well-beyond the scope of this paper. See de Paula (2015) for an excellent
review. From the point of view of this paper, the researcher is interested in network formation
models that can capture the attributes of the network that are relevant to her, and where
parameters can be consistently estimable in a way that allows her to recover her economic
parameters of interest. Note that modeling network formation, per se, is not the goal here.

The rest of the paper is organized as follows. Section 2 establishes the framework. The
main results are in sections 3 and 4. Section 3 provides analytical examples of bias along
with corrections. Section 4 discusses graphical reconstruction estimation. Section 5 contains
numerical experiments which supplement sections 3 and 4. Section 6 applies the results to a
study of the diffusion of microfinance. In section 7 we offer an algorithm for researchers to
trade off the sampling rate against the number of networks. Section 8 concludes. All proofs

are in the appendices.

8In that sense, while our conditional expectation of the structural properties of any given network will be
accurate, perhaps we do not correctly recover the exact structure. However, we will consistently recover the
economic parameter of interest without question.
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2. FRAMEWORK

2.1. Notation and setup. A network or a graph is a pair G = (V, E) consisting of a set V' of
nodes and a set E of edges, with n := |V|. Nodes ¢ and j are either connected or unconnected
(the graph is unweighted) and if ¢ is connected to j, then j is connected to i (the graph is
undirected). Most of what follows in this paper is applicable to directed and weighted graphs,
though following the bulk of the applied research we restrict our attention to the undirected,
unweighted case. A graph with n nodes is a member of the set of all undirected, unweighted
graphs, denoted by G,.

A graph is represented by its adjacency matriz, A := A (G). It is a matrix of Os and 1s that
depicts whether two nodes are connected, where A;; = 1{ij € E'} with the convention that
A;i = 0. We denote the neighborhood of i, the set of nodes it is connected to, by N; := {j €
V :ij € E}. Researchers are interested in economic models where an economic behavior or
outcome is predicted by network statistics. We let w(G) represent a d,,-dimensional vector
of these network statistics. Since the dataset may contain multiple networks, we use R to

denote the number of graphs. The researcher is interested in economic parameter By.

2.1.1. Sampling. We focus on the two most common types of sampled network data. First,
the researcher may survey a set of m nodes and ask each node about the social connections
with the other m — 1 nodes in that data set. This is the induced subgraph, as it restricts the
network among those who are sampled. Second, the researcher may have a list of the nodes
in the network (e.g., a household census list in a village). From this list, a sample of m nodes
may be surveyed. These nodes can name their social connections, not only to other m — 1
surveyed nodes, but connections to anyone from the list of n nodes. This is the star subgraph,
because the observed network is a union of stars with centers that are the sampled nodes.

Let S be the set of surveyed nodes, randomly chosen from V, with m = [S]. Let ¢ := ™
be the sampling rate. The researcher obtains a subgraph of the graph in question. There
are two potential resulting networks: the induced subgraph GI° = (S, EI¥), which consists of
the sampled nodes and the edges restricted to the set of surveyed nodes (E 15 ), and the star
subgraph G° = (V, E®), where E® are edges such that at least one of the nodes is in S.

Figure 1 provides an illustration of the problem that this paper intends to address. Figure
1(a) displays G, the target network, Figure 1(c) shows the induced subgraph and Figure 1(f)
depicts the star subgraph.

We also write A = (A%, A™) to denote the observed and missing part of the adjacency
matrix, which are random variables under the sampling procedure. Although this framework
idealizes the random sampling used in many applied contexts, our setting can easily be ex-

tended to other sampling methods such as independent edge sampling or snowball sampling.”

9Graphical reconstruction applies, with minimal modification of argument, to missing-at-random samples,
where the probability of information being missing is independent of the missing data itself (Rubin, 1976).
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(A) Graph G ) Sampled nodes S (¢) Induced subgraph
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graph

FIiGURE 1. Sampled nodes S in red. The figure depicts the induced subgraph
and star subgraph.

2.2. Econometric Models. The researcher intends to study economic behavior on R net-
works, {G, : r = 1,...,R}.'% For simplicity, we assume every network has n nodes. An
economic process has taken place on every network and can be described by an econometric
model depending on an economic parameter 5y. Returning to the microfinance example, in-
formation about microfinance has been introduced to certain households in every village and
households decide to participate as the information propagates throughout the villages. Our
goal is to estimate an economic parameter. We could easily do so if the networks were fully
observed. The general framework for analyzing such models is to presume that a conditional

moment restriction is satisfied,
(2.1) E[m(y, w(G); Bo)|G] = 0.

where y € R% is an outcome random variable, m(-, -;-) is a moment function, w(-) is function
on G,, and # € B is a parameter with true value gy.
Examples include diffusion models (Banerjee et al., 2013; Alatas et al., 2016), discrete

choice models, stopping time models (e.g., Iyer and Puri, 2012), quantile regression, and

101y this paper we take the view that the network is determined and then behavior operates on or through
the network (e.g., social learning, peer effects, games on graphs) as compared to being interested in network
formation itself.
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network-based matching models (e.g., Aral and Walker, 2011).}! Partial sampling will gen-
erally generate biases as the moment will be a nonlinear function of the network statistic, so
the estimated parameter will be inconsistent.

While GMM is a general framework, two common classes of econometric models with
network data are easier to analyze due to their linearity. The first class consists of mod-
els wherein economic outcomes are regressed on network characteristics. The second class

consists of models where a node’s outcome depends on its network neighbors’ outcomes.

Class I: Regression of Economic Outcomes on Network Characteristics. Many
researchers' study how network structure affects the economic outcome of interest, y, in

regressions of the form'?

(2.2) y=a+w(G) By +e.

These researchers can estimate this regression at various observation levels. At the graph
level, the data is {(y», w(G,)) : r =1, ..., R} where w(G,) is a dy,-vector of network statistics
(e.g., average degree, clustering, maximal eigenvalue, average path length) and the regression
contains R observations. In our example, the researcher may regress the microfinance take-up
rate in a village on the average network importance of the random set of households which
were initially informed about microfinance. A simple model of diffusion in a network predicts
that the centrality of these initial nodes correlates positively with take-up rates.

At the node level, the data is {(yir, wir(Gy)) : ¢ = 1,...,n, r = 1,..., R} where w;(G,) is
a dy,-vector of statistics (e.g., degree of i, eigenvector centrality of i) and the regression has
nR observations.'® In our example, the researcher regresses a household’s decision to join
microfinance on its centrality. Theory suggests that central nodes will be more likely to learn
new information. Similarly, one may estimate regressions at the edge level. Here w;;(G,) is a
d,-vector of edge level statistics (e.g., social distance between the nodes) and the regression
contains () - R observations.

Using sampled networks, the researcher runs regressions of the form
y=a+uw(@)B+u,

where G is either GI¥ or G¥ , depending on the sampling scheme. In general, the measurement
error will not be classical and may result in attenuation bias, expansion bias, or in pathological
(in the univariate) or even mundane (in the multivariate) cases, sign switching. Sections 3.1
contain examples of common and economically meaningful network statistics where such

biases exist and section 5 provides further numerical evidence on these biases.

Hpfore generally, our results apply to indexed GMM models with parameter 8o (u) where u € U (e.g., time
in a stopping time model or quantile in quantile regression), though we omit this.

12Examples include Leider et al. (2009b), Goeree et al. (2010), Cai et al. (2015), Banerjee et al. (2013).

13A vector of demographic covariates may be included, though we omit it for simplicity.

1Wwith missing data, there are O(nR) observations. For instance with G!¥, one has mR = 1nR observations.
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Class II: Regression of Economic Outcomes on Neighbors’ Outcomes. In a social
equilibrium model, an economic outcome, y;, depends on exogenous covariates of the indi-
vidual, z;, as well as the outcome of i’s peer group, {y; : j € N;}. In our running example,
y; is the microfinance meeting attendance rate of a household and x; represents whether the
researcher has exogenously informed the household. Estimating such a model is difficult in
the usual way (Manski, 1993), but with network data, assuming exogeneity of x; as in the
above examples, Bramoulle et al. (2009) and De Giorgi et al. (2010) show that the model
may be identified as the peer groups for individuals are overlapping but not identical.
Formally, let y = (y1, .., yn) be the vector of outcome variables, z = (z1,...,x,)" be the
vector of exogenous covariates and ¢ = (1,...,1)’. A researcher is interested in estimating

(2.3) y = apt + pow(G)y + oz + Jow(G)x + €,

where w(G) is a (possibly weighted) adjacency matrix that describes how much y; is affected
by others in the network. The economic parameter is Sy = (po, Y0, d0). Due to sampling, the
researcher mistakenly estimates the model,

(2.4) y = o+ pw(@)y + vz + ow(G)x +u,
where w is defined analogously with G either GI5 or G5. The neighborhoods will be mis-

specified and the estimator exhibits bias. We discuss this model in Section 3.2.
2.3. Random Graphs and Asymptotic Framework.

Random Graphs. Until now we have described an economic process, such as diffusion, occur-
ring on a given collection of networks. Consider the example of a regression of y on network
covariate w(G). With missing data the researcher does not observe the true network statis-
tic. In section 3 we demonstrate the biases induced by using w(é) where G is the star or
induced subgraph. Section 4 develops graphical reconstruction. We think of the network as
the realization of a stochastic network formation process. We describe a number of examples
in Section 4.4.1, but here we consider a simple but commonly used model: the probability
that individuals ¢ and j are connected, conditional on covariate z;;, is given by

where ® is some link function. Thinking of the network as a random graph allows us to
compute the conditional expectation of the regressor w(G) given the observed portion of
the network A° and the sampling scheme: E[w(G)|A%;60]. If we knew the distribution
of G we could compute this expectation. By properties of conditional expectation using
E[w(G)|A%%; ] as a regressor allows us to consistently estimate fq.

Formally, each network G, is a random graph is independently though not identically
distributed over the space G, where ng is the number of nodes (which can depend on
R for this thought experiment). We model the random networks as a triangular array of
independent but not identically distributed random graphs, G gr,...,Gr r. Each G, R is a
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random draw from a distribution P, r(G,;6o,) over G, ,, where 0y € O, is a parameter

governing the distribution. We omit the R subscript indexing the triangular array.

Asymptotic Frame. Graphical reconstruction requires estimating a conditional expectation
for every network. Since the parameter g, for each network is unknown we must be able to
consistently estimate all of these together. Intuitively, we need conditions such that every
network has enough information in it so that its parameter can be precisely estimated. This
is similar to panel data with non-linear fixed effects, where both the number of individuals
and the number of periods grow.

Formally, we will assume that np — oo as R — oo. The rate requirements of n and R
are discussed in Section 4 and Appendix A.2. Moreover, ©, g is typically finite dimensional,
though we discuss an example where its dimension grows as R — co. We assume conditions on
n, R, and the random graph models such that every network asymptotically contains enough
information to estimate 6, very well. In turn, we can estimate the conditional expectation
very accurately and therefore recover the economic parameter (.

Finally, we employ the following notation throughout the paper. E [-] denotes expectation,
E, [-] the empirical expectation.'® We will also make use of standard O(n), o(n), and ©(n)
notation. Note f,, € ©(gy) means 3k, ko > 0, ng such that Vn > ng |gn| - k1 < |ful < |gn| - k2-

3. ANALYTICAL EXAMPLES OF BIAS

In this section we provide analytical examples which demonstrate the biases due sampled
network data for three common classes of models: regression of economic outcomes on network
statistics, regression of outcomes on network neighbors’ outcomes, and a nonlinear GMM
model of diffusion. The goal is to provide exact characterizations and develop intuitions for

the sorts of biases under common forms of random sampling.

3.1. Regression of Economic Outcomes on Network Characteristics. To gain intu-
ition, it is useful to recall general measurement error in OLS. If the researcher is interested

in a regression

Yr = wrBo + €&
but instead uses mismeasured regressors w,, the resulting estimator satisfies
- cov(w, w)
plim = fo—————
var(w)

Expansion, attenuation, and sign-switching bias are possible without any other assumptions.
In our environment, w, = w(G,), the relevant network statistic, but due to sampling the

researcher uses w, = w(éT), where G, is the star/induced subgraph. Thus, we are interested

in the covariance of the network statistic with its true value, under the sampling scheme.
The covariance is typically not tractable to characterize. However, sometimes mismeasure-

ment has a scaling effect in expectation. The scaling effect roughly means that E [w|w] =

For q = (a1, .oy an), By [ai] = %Zl a;. Similarly, Eg [a,] = % Zr ar and By, g[a;,] = % ZT ZZ @i



ECONOMETRICS OF SAMPLED NETWORKS 12

mw + o(1), where m = 7(¢)) is some known deterministic function. Clearly

im = G- . var(w)
plim 5 = fo - var(w) + var(v)r—2
Scale

Classical attenuation
where v = @ — E [w|w].

Note the two sources of biases: a scale effect which depends purely on 7(1), and can
expand or attenuate the magnitude, and a dispersion effect which generates attenuation.
Average degree and graph clustering are commonly used network statistics that exhibit scale
transformations. However, more general statistics such as path length and eigenvalues are not
merely scaled in this manner. Finally, it is easy to note, by the Cauchy-Schwarz inequality,
that by looking at standarized effects, a researcher’s conclusions are always conservative under

sign-consistency.
LEMMA 1. Let w be a mismeasurement of w with cov(w,w) > 0. Then plim O'GB < owfo.

As is well-known, the multivariate case is more complicated, though it is the more relevant
case. Researchers often work with multivariate regression with network features (e.g., Cai

et al. (2015)), but the story becomes messier. Consider a bivariate regression
yr = wy B + w75 + €.

Let w? be observed without noise, w! be measured with noise, and cov(w!, w?) # 0. It turns
out that both estimates can be inconsistent and, moreover, the standardized effects need not
even be conservative anymore. The result depends on a number of parameters including the
variance of each regressor, their covariance, and parameters of the defining equation. (See
Pischke (2000) or Hyslop and Imbens (2001) for details.)

To make this concrete for our setting, before continuing on to our analytic characteriza-
tions, we take a simple, bivariate example of two network features: the average degree and
clustering. The average degree of a network, d(G) :=n=13, >_j Aij, is the average number
of links each node has in the network. The average clustering is the average, over all nodes
in the network, of the share of a node’s neighbors that are themselves linked.

Figure 2 presents results from a simulation where we assume average degree is not measured
with error, whereas average clustering is due to sampling.!® Here we vary the correlation
between clustering and average degree in the graphs that we draw as we also vary the sampling
rate. We can see that B ! (the coefficient on clustering) can expand or attenuate but, moreover,
52 can expand, attenuate, and switch signs. This happens even though the regressor (degree)
was not measured with error.

In what follows, we return to looking at univariate regressions or simple linear-in-means
or GMM models geared to highlighting intuitions of the bias, but we caution that the biases
in the multivariate cases are considerably more complicated.

16The idea is that under star sampling, as seen below, it is easy to not mismeasure average degree. We assume
the researcher has not corrected for mismeasurement in clustering.
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FIGURE 2. Sampling rate ¢ against correlation between average clustering
(w') and average degree (w?). Heat map denotes estimate 37 for j € {1,2}.
Note that 8} = 2.5 and 82 = 10.

Local Statistics. We begin with a warm-up and look at local network statistics. Here
we mean that the features of the statistic only depend on a node’s immediate neighbors or,
possibly a node’s neighbors and their common edges. The statistics we look at are the average
degree (average number of links), the graph clustering (how likely neighbors’ neighbors are
linked), and support (how likely there is some node that is linked to both nodes in an edge).

Support is particularly important in models of risk-sharing and favor exchange (Jackson et al.,
2012).

Recall average degree is the average number of links per node
1
d(G)=—> > Ay,
g

graph clustering is the share of two-stars that are triangles,

Dicj<k Aij Ak Aji
Dicjer L{Asj + Aji + Ajp = 2}
and support is the share of links whose nodes have at least one friend in common
icj Aig 1 {2, AirAjr > 0}

Picj Aij

Finally it is useful to define II(G) =1 — >, (1 — )" P (z|G), where P (z|G) is the share of
links ¢j that are supported by exactly z nodes in the underlying graph G.

c(G@) =

s(G) =

PROPOSITION 3.1. Consider a regression y, = o+ w(Gy)Bo + € with w being either average
degree, graph clustering or support. Assume the data (y,r,w(Grr)) is a triangular array

satisfying the reqularity conditions of Assumption A.1.

(1) For average degree,

A5y P, B ar(w) a5y Po A var(w)
BGP) = B mari e d BG%) = i mmrme e e
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(2) For graph clustering,

var(w)

B(Ga1s) L 50.% and B(G5) 25 ( »(3—2)

var(w)+var

THo(I—¢)
(3) For support,

-1
1+¢(1—¢)) O‘Var(w)"r( ¥ (3—21)) )—2var(U5)'

201sy P, 8 var(w) 2y P (v2r2p-y)m) Tt var(w)
B(GI ) - ﬁO'var(w)+H*2vaur(v‘S) and B(G ) - ( 2 +2¢(1—1) ) BO'

where I1 = limp £ 3", I1 (G, R).

These statistics are in increasing order of complexity. Note that degree only depends upon
the immediate edges for each individual while clustering only depends upon the observability
of common edges among a nodes’ neighbors. Support is a nonlinear function that expresses
the existence of connectivity among my neighbors and, hence, relies upon the graph structure,
making elimination of the bias much more difficult.

It is useful to note that under simple assumptions var(v®) and var(v!¥) are going to be o(1).
And in these cases, one only needs to just rescale estimates appropriately: in a trivial way in
the case of degree, and in a more complicated way that involves estimating the distribution
of supporting nodes in the case of support. Even if one is not in this case, it is easy to just
estimate var(v) and directly use this to eliminate the bias.

By characterizing the bias, corrections are simple. Faced with induced subgraph sampling,

(1) for degree, rescale the estimate by the sampling rate,
(2) for clustering, use the estimate directly,

(3) but for support, there is not a clear simple solution.

Facing star subgraph sampling,

(1) for degree use only i € S or with the full sample transform the estimate by 1—(1—1)2,

(2) for clustering use only induced subgraph or with the full sample transform the esti-

Y(3—2¢
mate by (W)

(3) and for support use only i, j € S or use the set of 7, j € S to estimate the distribution
of the number of nodes that provide support and then explicitly correct for the bias

using the full sample.

Our simulations suggest that one is better off using the full sample and estimating and
eliminating bias, rather than restricting to just the sampled nodes or sampled pairs in the

star subgraph case.

Global Statistics. Next we turn to what we call global network statistics. This is a catch-all
term that refers to functions of arbitrary collections of edges. Thus, this includes interactions
of individuals greater than distance two. Not surprisingly, studying biases in these cases

becomes considerably harder and at times requires more approximation.

Path Length and Graph Span. The first example is the path length. The path length between
two nodes i and j is given by the minimum number of steps taken on the graph to get from i to
4, denoted (i, §) := minjenuoo[A¥]ij > 0. If there is no such finite path, we put (4, j) = oc.

Y2429 (1—y)II
Var(w)+( w2+2w((17z2)

)7zvar(v‘s) ’
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The average path length of a graph is the mean taken over all finite paths,

VG = > i) [{G5) € VEiy(]) < oo}
i,4:y(i,5)<oo

Models of diffusion of information, flows of finance, risk-sharing, nepotism, and other phe-
nomena, build on the principle that the farther apart agents are, the less is transmitted
between them. For example, Kinnan and Townsend (2011) study how the network distance
to a bank affects consumption smoothing. Other papers that use path length or average
path length include Golub and Jackson (2010) who simulate diffusion processes; Leider et al.
(2009b) and Goeree et al. (2010) who study dictator games between members of a school;
Alatas et al. (2016) who look at the diffusion of information about poverty; and Banerjee
et al. (2013) who study the diffusion of microfinance.

The basic idea, as seen from Figure 1 is that vz (i,7) > v (i,7) and therefore paths are
longer. However, the average path length is well-known to be a very difficult object to study
analytically.'” Both the economics and statistical physics literatures study an object we term
the graph span, mimicking average path length. Jackson (2008a) shows that for a general fam-
ily of random graph models the ratio of the graph span to average path length asymptotically
almost surely is one. The statistical physics literature uses such an approximation as well
(e.g., Newman et al., 2001; Watts and Strogatz, 1998, Watts and Strogatz, 1998). This moti-
vates the study of the graph span as a regressor. Let d3 (G) :=n"t 3, ?>i Doktinj AijAjg
be the average number of second neighbors.'® The graph span is

0G) = logn — log d(G)
log da2(G) — log d(Q)

Larger networks have higher spans. Networks that are more expansive in the sense that

+ 1.

the number of second neighbors far exceeds the number of neighbors have lower spans; it
takes fewer steps to walk across the network. It is useful to define a constant which is a

bound on the ratio of the size of a neighborhood to the size of a neighborhod’s neighborhood:
¢ := SUpg>1 SUP,<g d(Grr)/do(Grr). Finally let k(v) = ¢ + P2 — 3.

PROPOSITION 3.2. Consider a regression y, = a+w(Gy)Po+ €, with w being the graph span.
Assume the data (yrr,w(Grr)) is a triangular array satisfying the regularity conditions of
Assumptions A.1 and A.2. Then,

~

(1) B is sign-consistent with attenuation if v € (¢, 1) or k(x)/(1 — (1 —)?) € (¢, 1):

plim [B(G'%)| < |Bo| and plim |B(G®)| < |Bol.

17Bollobas (2001) approaches path length from an exact analytical perspective but only for a very specific
random graph family. This approach is not suitable for gaining intuition for broader classes of graphs.
18Notice this defines second neighbor in the sense of taking a random node and then counting the number
of neighbors of each of the node’s neighbors. The definition is different from counting the number of distinct
nodes at path length two from a given node, which would be £ 3~ Do Zj;&i,k Aij Ak (1 — Asg).

n
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(2) and B may be sign-inconsistent otherwise.

Sampling a network thins out the set of edges, resulting in a higher graph span. As the
graph span approximates behavior of average path length, it captures the intuition that
due to sampling, paths on graphs seem longer than they truly are. The expansion of the
graph span has a slope effect on 3, and as log) < 0 and log(k(1)/(1 — (1 — 1)?)) < 0, the
effect is either attenuation unless the sampling rate is too low, in which case sign-switching
becomes a possibility. One must proceed with caution when discussing cases where the
sampling probability is too low. In this case the network can shatter, yielding “islands” of
disconnected sets of nodes which have short average path lengths within the set but have
infinite distance across the sets.'” Since average path length is defined as a mean conditional
on all finite paths, this is precisely where sign-switching may occur in practice. Alatas et al.
(2016) contains an example where this happens in Indonesian networks.

Having characterizing the biases, the solutions are simple.
(1) For induced graph sampling use
AGS) - L8 Im) —log(y"1d(G"))
- log(~2d2(G19)) — log(y~1d(GI9))
(2) and for star graph sampling use
HGS) = logn —log(m™1 ¥ cq > A(G%)5)
log(d2(G®)/k(¥)) —log(m™ ¥ics 325 A(G5)ij)

The corrected estimates are consistent as noted in the proof of Proposition 3.2.

+1

+ 1.

Spectral Functions. Spectral functions are network statistics that relate to the set of eigenval-
ues of matrices which represent the graph, such as the adjacency matrix. They are useful in
characterizing properties of the network. The distribution of eigenvalues has applications to
models of information diffusion and risk-sharing as well. The number of k-length walks that
cycle back to the original node correspond to k-th moment of the eigenvalue distribution,
denoted ug(G),
pp(G) =nt Z Ay Aiyiy = n 1 Tr(AR)
i1,y EVE

where VF =V x .. xV (Barabasi and Albert, 1999). Given that the graph spectrum carries
a great deal of information about the diffusive properties of a network, it is a useful regressor.

There are several applications of spectral statistics in economic theory. For instance,
the first eigenvalue of the adjacency matrix, A1(G), describes how well the graph diffuses
information (e.g., Bollobas et al., 2010).2® In models of social learning Golub and Jackson

190ne can check that a graph H with d2(H)/d(H) < 1 cannot be connected. The sign-switching case requires
at least some dz/d < 1 which we note the researcher can immediately detect.

0 a percolation process the threshold probability above which a giant component emerges is precisely 1/\;.
For another intuition, if A is diagonalizable, then the dominant factor in ||Ak || is AF.
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(2009, 2010) show that the second eigenvalue of a weighted adjacency matrix is related to
the time it takes to reach consensus; similar results are shown in DeMarzo et al. (2003).
Ambrus et al. (2010) also characterize the risk-sharing capacity of a network as a function
of the expansiveness of the network; it is well-known in network theory that this maps into
the eigenvalues of a transformation of the adjacency matrix (Chung, 1997). It is difficult to
precisely characterize the behavior of these spectral regressors, though we present bounds on

their behavior under sampling.

PRroPOSITION 3.3. For an arbitrary graph G, we have

(1) M(G1) < M (G®) < M (G).
(2) pr(G%) < i (G). 1
(3) E [,uk(G‘S)]G] = 22?22 %W < pr(G), where nj is the number of sets of j-distinct

n=1);

nodes that are counted.
Since A; can be thought of as measuring the number of walks through the graph (and with
missing edges there are fewer walks), we expect expansion bias in B when using these regres-
sors. This follows from the interlacing theorem.?! This means that networks will appear to

be more diffusive than they actually are.

3.2. Regression of Outcomes on Network Neighbors’ Outcomes. We discuss the im-
pact of sampled networks on regressions of nodes’ outcomes on network neighbors’ outcomes.
The models we consider are developed in Bramoulle et al. (2009) and De Giorgi et al. (2010)
and naturally extend the models discussed in Manski (1993) to a network setting. Blume
et al. (2011) contains an extensive review of the literature. The network allows for nodes to
have overlapping but not identical peer groups.

The model is given by (2.3), and we are interested in Sy = (po,70,d0). There are two
natural examples for how neighbors’ outcomes ought to affect a node’s outcome. First, every
node’s outcome may be affected by the average outcome of its neighbors.?? Second, every
node’s outcome may be affected by the total sum of its neighbors’ outcomes.?® The reduced
form is - -

y=au/(1=po) + 702+ (vpo + 00) Y pw* e+ pfuwt e,
k=0 k=0
Since a node’s neighborhood outcome, wy, is the endogenous regressor, the reduced form

suggests that extended neighborhood effects, powers w*z (k > 2), can be used as instruments

2l\Whether there is expansion bias depends on how the eigenvalues shrink across the initial distribution. For
instance, if the contraction is by translation, the regression slope would clearly not change. Numerical with
simulated networks and empirical data provide evidence of expansion bias.

22We can write the model as y; = a+ BEn, [y;] +vzi +6En, [z;] + € as En, [y;] = Zjem y;/di = Zj y; Aij /d;.
23We discuss the first case, though clearly by mimicking the argument the results follow for the second.
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for wy. We focus on the instrument Z = [1, 2, wz, w?z].?* Setting X = [1, wy, z,wz], the
estimator is (X' Pz X)X’ Pyy.

Identification comes from intransitive triads.?> If i and j are connected and j and k are
connected, but ¢ and k are not connected, then k affects i only through j. As such, xj
is used as an instrument for y;’s effect on y;. We caution that this identification strategy
convincingly works only when z is randomly assigned (e.g., Ngatia (2011)) as identification
crucially depends on exogeneity of x.

We examine the estimation of (2.4) using @ = w(G®) or @ = w(G!¥) with instrument
Zg = [¢, 2, Wz, w?z]. We show that the exclusion restriction is invalid when using sampled
network data, even if the covariates are exogenous and the usual identification requirements
are met if the full network data was available.?

PROPOSITION 3.4. Assume yopo + 00 # 0 and w? # 0, so 2SLS is valid for (2.3). Then 2SLS
with

(1) w(GS) with (y;,x;) for all i € V generically yields E[Zgsugs] # 0,27

(2) w(G'S) with (y;,z;) for all i € S generically yields B [Zgsugs] # 0,

(3) w(G®) with (y;,x;) for all i € V but restricting the second stage to i € S, yields

E[Zgsugs] = 0.

Sampling induces an errors-in-variables problem, wherein the neighborhood effect is mis-
measured since the neighborhoods themselves are misspecified. Though typically one uses
instruments to address such a problem, here the instrument is correlated with the measure-
ment error in the regressor, as the instrument involves powers of the mismeasured adjacency
matrix. As such, the exclusion restriction is violated.

Figure 3 provides two examples where invalid instrumentation is generated. Figure 3(a,b)
show that if j is sampled but ¢ and k are not, the sampled network falsely suggests that & is
a valid instrument for j’s effect on . Similarly, figure 3(c,d) show a case with the induced
subgraph, where k instrumenting for j’s effect on ¢ will be invalid as the other channels
through which k affects ¢ are not accounted for due to sampling. In this case, the channel
through [ is omitted.

With G data, however, there is a simple analytical correction. For i € S, notice that
[wz]; = [wz]; and [wy]; = [wy];. Consequently, there is no measurement error in the second
stage for these observations. As only the first stage contains measurement error, uncorrelated
with the second stage residual, such an exercise satisfies the exclusion restriction.

3.3. A Model of Diffusion. Having discussed several examples of network-based regres-

sions, we now turn to a model of diffusion examined in Jackson and Rogers (2007b) which

240ther estimation strategies are suggested in the literature, on the basis of efficiency (Bramoulle et al. (2009);
Lee et al. (2010)). They require the validity of the instrument Z.

25Bramoulle et al. (2009) provide formal identification conditions.

26pe Giorgi et al. (2010) are aware that measurement error may cause problems in this model and conduct a
numerical robustness exercise.

2TWe say generically in the sense that given (G, z, o), only a finite set of ¥ € [0, 1] satisfy E [Zgsugs] = 0.
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0} k
(A) True structure: transitive triangle (B) Edge ik missed under sampling
@
(€) True structure: square (D) Missed effect kl to li due to sampling

FIGURE 3. Red nodes are sampled. (a) and (c) show examples of true network
structures. (b) shows the star subgraph from (a) when j is sampled. The effect
of k on ¢ is missed. (d) shows the induced subgraph from (c) when 4, j, and
k are sampled. The effect of k on ¢ through [ is missed.

we discuss in the context of our microfinance example.?® The researcher is interested in es-
timating this diffusion model which satisfies equilibrium moment equations. There are two
states: whether or not a household endorses microfinance in a weekly village gathering. A
non-endorsing household with d; links may choose to endorse with probability vyd;o; where
Vg is a transmission parameter and o; is the fraction of i’s neighbors that have decided to
endorse. However, an endorsing household may naturally decide not to endorse, which can
happen with probability dp. Jackson and Yariv (2007) extend this model to a number of
strategic environments.

The model is identified up to parameter Sy := 1 /dp, which is the transmission to recovery
rate. Let P(d) denote the degree distribution and p(d) the share of nodes with degree d that
endorse. Finally, p, := >, p(d)P(d) is the average endorsement rate in the network and the
researcher observes y := p + €, with € an exogenous zero mean shock.

The second neighbors endorsement rate is given by o = (Ed)~' >, p(d)P(d) - d. Jackson

and Rogers (2007b) use a mean-field approximation to derive a steady state equation,

Bood
d)= ———.
pld) 1+ Bood
The equilibrium satisfies
Boo(Bo)d
3.1 (Ed)~! P(d).
(1) (6 }:Hﬁoaﬁo (@

28This class of models, developed by Pastor-Satorras and Vespignani (2001), have been extended to numerous
strategic interaction settings by Galeotti and Rogers (2013) and Jackson and Yariv (2007), who study the SIS
(susceptible, infected, susceptible) model of epidemiology, which they and others show have applications in a
wide variety of economic contexts.
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By combining (3.1) with the definition of p, we find that h(G,;B) ==Y 4 %P(d) =p.

Therefore the researcher can use as moments

m(yr, Gr; B) := yr — h(G,; B),

and estimate [y via nonlinear least squares. Jackson and Rogers (2007b) show that an
equilibrium with non-zero endorsement rate exists only if 3 > Ed/Ed?. The ratio of squared
degree to degree, similar to what we have encountered when studying graph span, again
becomes an important feature of the network. We put ¢ := Ed?/Ed. Note that the typical
summand of h(G,, /) is monotone and convex in d. Therefore, stochastic dominance relations
among various distributions P(d) will play a central role.

As one expects, due to sampling of networks the researcher will overestimate the trans-
mission parameter. An intuition for this is provided by the case of the star subgraph. This
form of subsampling leads to a degree distribution that will be first order stochastically dom-
inated by the true distribution. Therefore, the sampled network seems as if it has poorer
diffusive properties; to generate the same average endorsement rate, the parameter governing
the diffusion process must be higher. In addition, we show that the diffusion with the true
parameter [y occurring on the sampled network may have no non-zero equilibria. When (3,
is close enough to the threshold 1/{(G), the partially sampled network will make threshold
ratio 1/¢(G) rise and therefore Sy may appear to be less than 1/¢(G).

PROPOSITION 3.5. Assume we have a triangular array (yry, Grr) with degree distributions
Prr(d) and (i) (3.1) holds in expectation for each r, (ii) By is such that there is a positive
endorsement in every equilibrium, (iii) B is a compact subset of Ry, (iv) (€.) are iid zero

mean finite variance disturbances, and (v) limsupp_, ., sup,<p supg |Pr;(d) — Poor(d)| = 0.

(1) The estimates exhibit expansion bias: plim B(GS) > By and plim B(G‘S) > Bg.

(2) For all v, Py is outside the range generating positive endorsement rate in the esti-
mated equilibrium, with probability approaching one, under the following additional
assumptions. Put 6, := Py — 1/¢, > 0 and assume
(a) for star subgraphs:

e liminfp yoo G > 14+ ¥

-1
° limSUpR_mo 57“ < (1 - w) ’ %(—1;/;&))
(b) or for induced subgraphs, imsupg_,o, 6r < (1 =) - #ﬁiﬁ)

It is easy to see that for the star subgraph, an analytical solution to the bias is to use the
degree distribution of the sampled nodes. However, this is a highly non-generic solution. The
induced subgraph, for instance, does not allow this approach nor do other sampling schemes
(e.g., randomly chosen edges, etc.). A natural question to ask is whether we may use the
sampled degree distribution, such as P!S(d), to obtain P(d). We note that this will not be
straightforward to do, in general, because it generates an ill-posed inverse problem. The

researcher is faced with an under-determined system; while we can describe how P(d) maps
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into P8 (d) due to sampling, there appears to be no unique inverse. Graphical reconstruction,

however, will provide a way to address the problem.

3.4. From Analytical Examples to Graphical Reconstruction. In this section we have
analytically examined biases that emerge from sampled networks. We focused on network
statistics motivated by a number of applied questions concerning diffusion of information,
network importance, risk-sharing, and social collateral. By analytically characterizing the
biases, we were able to describe the mechanics of the non-classical measurement error and
construct analytical corrections to eliminate the biases, under regularity conditions. The
analytical study required us to focus on graph-level regressions; moreover, to be consistent,
the analytical corrections focused on eliminating a slope effect of the biases, but needed to
assume away or estimate a dispersion effect.

We also examined a model where a node’s outcome depends on its neighbors’ outcomes and
demonstrated that a network-based instrumentation method violates the exclusion restriction
when the network is sampled. With certain data structures, we provided a simple solution.
Furthermore, we extended our analysis to a GMM model of diffusion and pointed out how
the estimated parameters would exhibit expansion bias.

In general, our discussion has been on a case-by-case basis in this section. We have mostly
focused on graph-level regressions and have been only able to examine very tractable network
statistics. Numerous network statistics such as betweenness centrality, eigenvector centrality,
and the aforementioned spectral statistics do not permit easy analytical examination nor
corrections. The next section provides a more general method to estimate the economic
parameter. Though the method is not limited to graph level regressions nor tractable network
statistics, it comes at the cost of requiring more data and putting more structure on the
problem by assuming models.

4. GRAPHICAL RECONSTRUCTION

In this section, we discuss a two-step estimation procedure to consistently estimate eco-
nomic parameters from linear regression and GMM models. In our asymptotic frame, both
the size of each network and the number of networks grow. Every network is a draw from a
distribution governed by its own parameter 6y,.. This will force us to control an incidental
parameter problem. Clearly, we can nest the special case where every network is drawn from
the same distribution, 6y, = 6y for every r, and thereby assume away the incidental parame-
ter problem. However, based on our experiences with empirical data, forcing every network
to be drawn from the same model introduces enough misspecification to negate the benefits
of graphical reconstruction.

We present an informal overview in section 4.1. In section 4.2, we present the asymptotic
distribution of B under high level assumptions on 5,,, the regularity conditions for which are
listed in Appendix A.2, and detail the estimation procedure in section 4.3. We provide suffi-

cient conditions for network formation models that allow for 8, to satisfy the aforementioned
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high-level conditions and check several classes of network formation models, which also shed
light on the limits of our approach, in section 4.4.

4.1. Informal Overview. In our overview we describe our procedure for regression,
Yir = 0 + wi’r(Gr)ﬂO + €ir.

We assume that the researcher has the following data. First, she has outcome data for
every node in every graph, {y; : i = 1,...,n, 7 = 1,..., R}, such as whether household i in
village 7 participates in microfinance.?? Second, she has a set of partially observed graphs,
{GS :r=1,..,R}or {Glrs :r = 1,...,R}. Third, she has variables which are predictive
in a network formation model {2, : » = 1,...,7}.3° For instance, the researcher may have
basic demographic characteristics such as religion, caste, household amenities, occupation or
geographic location. This data structure is relatively innocuous and common in numerous
applications. In development economics, when deciding how to draw a random sample to
administer treatments, researchers usually conduct a listing in each enumeration area. This
requires obtaining a census of the economic units, which can be done directly (e.g., Townsend,
2007; Suri (2011); Banerjee et al., 2013) or indirectly by obtaining census information from
the village representatives (e.g., Macours, 2003; Takasaki et al., 2000; Alatas et al., 2016).>" It
is well-known that obtaining GPS and basic demographic data during enumeration is cheap;
the bulk cost of a network survey is the network module itself. For a different example,
consider school networks where it is straightforward to obtain rosters and demographic data
for all students. The full set of observed data is (y,, A%, z,), consisting of ¥, the vector of
outcome data, A% the observed part of the graph, and z, the vector of network formation
covariates. The missing data for each network is A™* and recall G, = (A%s, A™M).

Every network is thought of as a realization of a random network formation process, drawn
from a distribution which depends on z, and parameter 0y, € ©,. To estimate 5y we use an
argument based on conditional expectations. If 6y, were known for all r, we could estimate
a conditional expectation of w;(G,) given the observed data,

gir(A?bs) Zr; 901”) =E {wir(GrﬂA?bsv 2r; 007‘} .

By the properties of conditional expectation, using &;, in the regression instead of w;, yields
consistent estimation of By. The least squares estimator is given by>?
-1

R n
Bols = (Z Zng(é\T)gw(ar)/> . Z

r=1i=1

5@'7“ (é\r)yir .
1

n
r=11i=
29In what follows it is not necessary for y;» to be observed for every node, but it simplifies notation.

30E.g.7 zr ={zir:i=1,..,n} or z, = {zi;r : 4,j € V} where z;, or z;,, are covariates for nodes or pairs.
31Researchers can either collect simple covariate data from all nodes or from representatives who carry infor-

mation.
32For notational simplicity, assume the regressors are demeaned.
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Notice Bols = 3015(51, - §R) depends on §r for all 7. A similar but more involved result is
true for GMM. We must use the fact that the outcome variable provides information about
the likelihood of missing links; this extra complication disappears under the linearity of OLS.

To control the estimation of gr, we need to argue not only that it is consistent for 6y,., but
uniformly so. That is, sup, ||0, — o,/ = Op (ap % b), where ap is the rate of convergence of
§r to Og, for every r, and b > 1 is the number of moments that the network formation model
has. This imposes a rate requirement on the problem which says that the network-formation
parameter needs to be estimated fast enough: vnR - a;il -RY - 0.

The consistency of 0, follows from assumptions on the model of graph formation and the
sampling procedure. With missing-at-random data, under assumptions on the graph model, a
consistent estimator exists. Consider a model where an edge forms independently, conditional
on covariates,

P(Aijr = 1|2r;00r) = A (f (zir> 2r) 0o ) ,
where A() is some link function (e.g., logistic or normal), z; is a vector of covariates for
vertex i, and f is a vector-valued function. For instance, f may be the difference between
characteristics of two nodes f(z;,2;) = ||z; — #;||. If the sampling procedure is orthogonal to
the network formation, a random subset of the ( ) pairs of nodes is observed. Therefore, 9
is consistent.

This model converges with ap = n, since we have on the order of n(n — 1)/2 observations.
The requirement becomes n~Y/2RY/2+1/0 5 0, so the number of networks must grow suffi-
ciently slower than the number of nodes. In other models, the rate ag may be different (e.g.,
n/logn, n” for 7 € [1/2,2), \/n/logn). If the rate is too slow, the requirement for node-level
regression may not be met, though usually the requirement for graph-level regressions will
be satisfied.

4.2. Formal Theory for B . We begin by establishing that B is consistent and asymptotically
normal. The main theorem is stated in section 4.2.1, under regularity conditions, including
simple high level assumptions about the behavior of 57«, which we will verify in section 4.4.
In Appendix A.2 we discuss the regularity conditions in depth.

We have already introduced the regression environment. We consider the GMM envi-
ronment of (2.1). Relative to regression, in GMM the value of y affects the conditional
expectation of w. Observe (2.1) implies an unconditional moment restriction holds:

0=Em(X;8) = > E[m(X;8)|G] Py, (G)
Gegn,
where X = (y,w(G)). Let x, denote the triple of observed data, z, := (y,, A%, 2,.). By

iterated expectations, the conditional function

(4.1) Eir(r; Bo, bo) := E [m(Xir; Bo)|zr; Bo, O
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satisfies E&;, (x5 fo,0p) = 0. Given an observed data series {(Xjr, zi) : 4 = 1,...,n, 7 =
1,..., R} and an estimator 1/9; of 0y, the estimator is
~ A ~ ]~ ~
5gmm (= argmin (En,Rgir<xr; ,3, gr)) w (En,RSz‘r(«TT§ 67 Hr))
BeB
where W is a consistent estimator of W.?3
In order to compute the conditional moment in (4.1) we need to be able to integrate
with respect to a conditional probability for every graph in our sample, Pg, g, (A5 2,.).
Computing the expectation requires a reweighting term,
Eir(xr; Bo, Oor) = D m(Xir; Bo)P gy, 06, (A7 |x1),
A
with Pg, g, (A7 |2,.) o< fa, (yr|Gr)Po,, (AT A%, 2,). To be able to utilize this approach,
the researcher must make assumptions on the distribution of y given G.

4.2.1. Asymptotic Distribution. In this section we show that Bols and Bgmm are consistent
and asymptotically normally distributed. We define covariance matrices which characterize

the asymptotic variance. For linear regression,
Hos = lim E,g [EEE)] and Vo := lim Eg [var (vVnE, [Eiveir + Eir(wir — Ei) Bo])]
R—o0 R—o0
and for GMM,

. 0 .
M := lim En,R Eaﬂ,gz’r(mMﬂanOr)] , = I%I_IgOER [var (\/ﬁEngir(xr;ﬁmeOr)” >

R—o0

Hegm := M'WM and Vg := M'WQW' M.

THEOREM 4.1 (Asymptotic Distribution). Under Assumption A.3,
(1) Assumption A.4 implies \/nR(Bols — Bo) ~ N (0, Hc;sl%lsHo_lsl)-
(2) Assumption A.5 implies v/ nR(Bgmm — Bo) ~» N (0, Hg*n%ngmmHgfmlm).

Intuitively, if we can uniformly replace 6, with for, since conditional expectations are centered
correctly and, under regularity conditions, also satisfy central limit theorems if the uncon-
ditioned random variables do, the estimator is consistent and normal. While we wrote the
theorem for vertex-level analysis, similar results with modified regularity conditions extend
to regressions at the graph-level, edge-level, vertex-triples, etc. Each will allow for different
amounts of interdependency in the graph formation process. To be concrete, under the above
normalizing assumptions, graph-level regression converges at v/ R while edge-level regression
converges at /()R = nvVR.

To build further intuition, we comment on what could go wrong. First, for GMM, if one
estimates the conditional expectation without reweighting, unless the model was additively
separable, Bgmm would be inconsistent. Second, there are several reasons why uniform es-
timation may fail: the size of the networks relative to the number of networks may be too

33In the case of maximum likelihood where € is the conditional score, W = 1.
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small, the network formation process may have dim(©,) exploding too fast, and the level of
interdependency in the random graph processes may be too high. We provide a more detailed

discussion in section 4.5.

4.3. Estimation in Practice. We describe the estimation algorithm for linear regression.

ALGORITHM (Estimation of Bols).

(1) Use (z, A%) to estimate 6, based on the assumed network formation model.
(2) Estimate &;,.(A%%, z,;6p,) = E {wi,«(Gr)|A§3bs, Zr; 007«].
(a) Given (2, A%), for simulations s = 1, ..., S, draw A** from b5 (AMiS| A9, 2,.).
(b) Construct w;,(G},) where G}, = (A?bS,A%S*).
(¢) Estimate & (A%S, 2,:0,) := %Zle wir (G2y).
(3) Estimate [oi using data {(yir, Eir (A%, 2030,)) :i=1,...,n, 7 =1,..., R}.
The GMM algorithm is similar, requiring a reweighting term. We provide an overview of
standard errors and estimation methods in Appendix G, though a theoretical development
of them is well-beyond the scope of this paper. In practice, clustering at the graph level
in vertex-level regressions and using heteroskedasticity robust standard errors for network-
level regressions perform well, though we have explored various bootstrapping procedures

(available upon request).

4.4. Formal Theory for §r. In this section we discuss the uniform estimation of the network

in

formation model parameters. We are interested in the joint convergence of sup, H@« — Oor
the sense of Assumption A.3.3. The literature on consistently estimable network formation
models is young and limited, though has seen considerable growth in econometrics since
the first version of this paper. Many models of network formation lack asymptotic frames
(see, e.g., exponential random graphs models (ERGMs)) that allow for consistently estimable
parameters, or the models may not even be projective (Shalizi and Rinaldo, 2012). So larger
networks do not lead to tighter parameter estimates and seeing a slice of the network may
not allow recovery of the true parameter. There are a few classes of models known to be
consistent, and we discuss several as examples below. Given how nascent this literature is,
it is useful to reflect on a simple, checkable sufficient conditions for joint convergence so
that one could check new models as they develop. After this, we discuss three common
classes of network formation models and check the condition that can be used in graphical
reconstruction. The examples have been chosen to provide intuition about different problems
that may arise.

We have a collection of network formation models which maximize criterion functions, 8y, =
argmaxg Q(,)(for). We estimate these parameters with a collection of empirical criterion
functions, Q,(6;), with 0, = argmaxy Q(,y(6;). The lemma following is analogous to Hahn
and Newey (2004); we include it here to point the reader to what we need for our procedure
to work well.
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LEMMA 4.1. Let Vi) (0,) := VQ ) (0r) and 17(r)(07«) = VQQ(T)(QT). Assume the following.

(1) Vr, Q((0r) has unique mazimum 6o, ; Oy is compact; Q) (0) € C*(©); sup, |@(r) (0)—
Qe ()| = op(1).
(2) The criterion functions uniformly converge in the sense that for some v >0
P (7821; sup ‘@m(@) - Qm(@)‘ > 77) = ofag")-
(3) There exists a sequence of constants (ar) such that (i) for allr, aR-‘A/(T)(Qor) = Op(1);
(ii) for some b > 1, sup,<p E HCLR . ‘7(T)(«90r) ’ < 0.
(4) VVi,)(0r) satisfies a Lipschitz condition with coefficient B, sup,. || B;| = Op(1).
YV (0r) = VVip(0,)|| = op(1).

0, — 6o, | = Op(1).

This provides checkable conditions to ensure Assumption A.3 holds and therefore the main

(5) The Hessian satisfies sup,.

Then apg - R0 sup,<p

theorem holds. The argument comes from a usual first order expansion argument. Condition
1 adds extra smoothness to a standard assumption for consistency. Condition 2 requires that
all the criterion functions @(T) () uniformly lie in an n-“sleeve”, [Q(,y(6) — 1, Q) (0) + nl; in
practice this is argued by applying union bounds and controlling interdependencies across
summands in the objective function. Condition 3 provides a rate of convergence of the first-
order term and a moment requirement. Condition 4 requires an envelope condition for the
third derivative of the objective. Condition 5 requires uniform convergence of the Hessian.
Below, we check that Lemma 4.1 holds under low-level assumptions.

4.4.1. Classes of Models. The goal of this section is to outline several network formation
models that could fit into this framework. This is not meant to be exhaustive but instead
give the reader a sense of how various models could be used.

Class 1: Conditional Edge Independence Models. We begin by considering a class of models
in which edges form independently, given covariates. This is the most common class of model
used in the literature (see e.g., Jackson, 2008b, Christakis et al., 2010, Goldsmith-Pinkham
and Imbens, 2011, and Santos and Barrett, 2008). Let Z be a set consisting of all pairs ij.
E is implicitly indexed by n and has n(n — 1)/2 elements. We denote an element s € = and,
when referencing explicitly which pair it corresponds to, we write s = s;;. Let 2z, denote a
covariate for the pair of nodes s;;. Examples include whether two villagers are of the same
caste, the distance between their households, etc. The probability that an edge forms in
graph r is

(4.2) P (Ag = 1|23 00r) = @ (25,60,

where ® (-) is some link function. This framework allows us to consider undirected graphs,

directed graphs, and models in which nodes have to agree for a link to form. The undirected
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case is clear. If the graph formation model is directed, then = consists of all n(n — 1) ordered
pairs of ij.%*
We maximize the log-likelihood, |Z|™' Y c= ¢(X; 0,), Xs = [As, 1], with summand

q(Xs;0,) = Agrlog ®(21,.0,) + (1 — Agp) log (1 — ®(21,.6,)) .

To be able to apply Lemma 4.1, we need to control the interdependence in the covariates zg;..
We assume that the set of nodes itself has an embedding into an integer lattice, A C Z%. Let
t € A denote a generic element, and when referencing the corresponding node we write t = ;.
To build intuition imagine that the nodes are embedded in Z? as analogous to geographic
placement; households in a village are placed on a grid on the ground and certain households
are closer to others. This closeness determines the covariance of their other characteristics.
Then, every node is given a random covariate z;, t; € A. The pair-level covariate z;; is given
by zij = f(2, #;) for some function f(-,-). The interdependency in the node-level covariates
will translate to interdependencies among the edge-level covariates which is what we will
ultimately use in our argument. We will need to assume that the level of interdependence
goes to zero as the distance between the two subsets goes to infinity. Figure 4 provides an
illustration.

o O O
o O O
@ © ©
@ 6 @
@ 6 @
@ 0 O

O O O O
O O O O

O O @ © 0 O
(A) (B) ()

FIGURE 4. This figure presents a schematic of this model. In Panel A, nodes
are on a lattice. In Panel B, nodes draw covariates z; correlated over the
lattice, here represented in colors (red, purple, blue). In Panel C, nodes are
linked with higher probability if they have closer traits (||z; — z;]| is low).

This assumption we make is analogous to those made in time series and spatial econometrics
contexts. We require that the random fields z, satisfy uniform mixing requirements where, as
the distance between the sites of two random variables increase, the level of interdependency
decays quickly. The assumption on f(z;, z;) is not very restrictive. The most natural example

is a covariate based on the difference in characteristics of nodes i and j: z;; = ||z; — zj]|.

34When the model is undirected but both nodes need to agree, one may use a model such as Aij» = 1{z;;600, —
€ijr > 0} - 1{2};00, — €jir > 0} with link function ® (z;,00-) := U(z;00,)¥(2};00,), where U (-) is the cdf of e.
One may even want to assume ¢;; and €, being jointly normal.
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PROPOSITION 4.1. Assumptions A.6 and A.7 imply the conditions of Lemma 4.1.

Until now we have not discussed the role of random sampling. It is easy to see with
random sampling of nodes (G° or G!) or random sampling of pair data A;; that the cri-
terion function Qy(6) := limy, o0 ‘55‘71 ez E[g(Xsr;0)1{s € E°}] is minimized at true
parameter . For instance, under the star subgraph we have E[g(X,,;60)1{s € E%}] =
(1= (1= $)2)Eq(X,; 0,) while

cedure is known, then in such a model augmenting the likelihood to account for the sampling

=S
=
=

= (1—-(1—v)?)(5). More generally, if the sampling pro-

will produce consistent estimates.

Class 2: Subgraph Generated Models (SUGMs). One limitation with models in which the
covariates direct the correlation between links is that there still may no be enough cluster-
ing. Chandrasekhar and Jackson (2016) provide another class of models, subgraph generated
models (SUGMs), in which this is accounted for. Here we describe a special case of one of
these models.

Let a network be formed in the following manner. Each (3) pairs of nodes are considered
and independently, with probability por,, a link forms. Similarly, each (g) triple of nodes are
considered and independently, with probability por,., a triangle forms. The observed graph
G, is the union of these processes. Figure 5 provides an illustration.

@,
QQO ® O
@)
O O
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QQQ QOO\\Q
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F1cUre 5. This figure presents a schematic of the links and triangles SUGM.
In Panel A, nodes are placed arbitrarily, as there is no ex ante natural embed-
ding. In Panel B, triads are drawn uniformly at random. In Panel C, links
are drawn uniformly at random, and the resulting network is presented.

There are a number of microfoundations for such models: mutual consent, directed search
for group formation, among others give rise to such models. Practically speaking, these
models have the advantage of, in a simple and naturalistic way, coding in correlation in link
structure and therefore being able to generate sparse and clustered networks. This is impor-
tant because empirical data is typically sparse and clustered. Chandrasekhar and Jackson

(2016) shows that a links and triangles SUGM outperforms a conditional edge independence
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model with numerous demographic covariates in terms of matching various network features:

clustering, average path length, maximal eigenvalue, etc.

PROPOSITION 4.2. Assumption A.8 implies the conditions of Lemma 4.1.

Class 3: Group Models. By allowing for an increasing number of parameters, a network for-
mation model may be able to better and more flexibly describe the random graph process.
Models of this vein are discussed in Bickel and Chen (2009), among others, who provide a
discussion of what they call a nonparametric view of network models. Our specific example
comes from Chatterjee et al. (2010), who study an environment in which the degree distribu-
tion is the sufficient statistic for graph formation: given (dy, ..., d, ), one estimates a formation
model.?> Following Diaconis and Freedman (1984) they show the network is described by

P(Aij = 1) o< exp (6p; + 0o;) ,

which is a model that allows the number of parameters to grow at a O(n) rate. Obviously
we cannot have a parameter per node because we will not have observations for a number of

nodes, especially under induced subgraph sampling.
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FIGURE 6. This figure presents a schematic of the groups model. In Panel
A, nodes are placed arbitrarily, as there is no ex ante natural embedding. In
Panel B, we denote 6 p,c in blue: these nodes have a high fixed-effect value,
Meanwhile 6y ,nite nodes have a low fixed-effect value. In Panel C, links are
drawn independently, with probability proportional to the sum of the fixed
effects and the resulting network is presented. There are many links between
the blue nodes, fewer links between the blue and white nodes, and rarely any
links between white nodes.

So, we tweak this framework to our environment and assume there are k, categories of
nodes. For instance, if graph formation depends on two characteristics, gender (male/female)
and education (high/low), there are four such categories. By allowing k, to grow rapidly

35Conditional on the degree distribution there is no information about the model from the actual network
data.
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with n, we can capture substantial variation in the formation of the network. We allow
kn, = ©(n). Define an equivalence class of nodes: if i and j are in the same class, then
they have the same parameter, 6p; = 0p;. In our example, two individuals in the same
category (e.g., female and high education) are governed by the same parameter 6y temaie,high-
If we have g, characteristics with uniformly bounded values (e.g., two genders, a bounded
number of education levels), the number of categories can grow at g, = © (logn), which yields
kyn = ©(n). One can think of this model as having group fixed effects with a growing number of

§T —Oor|| S Vlogn/n

oo

which is a very slow rate, though expected given how rapidly we are increasing the parameter

groups. It turns out that with probability approaching one, sup,<p ‘
dimension. Figure 6 provides an illustration.

PROPOSITION 4.3. Let the mazimum coordinate value of 0, € O, be uniformly bounded over
allr, R = o(n-log='n), and k,, = O(n), k, < n. Then, under stratified random sampling with
either the induced or star subgraph and Assumption A.J or A.5, the conclusion of Theorem
4.1 holds.

This example shows that even when we are adding parameters at rate n, graphical re-
construction is possible in network-level analyses. Here ap = +/n/logn and therefore
a}bl - VR+2/b 5 0. Meanwhile, the sufficient condition is not met for vertex-level analy-
sis as agl -VnR*2/b — o0, This example provides an illustration of both the strengths and
limitations of graphical reconstruction by testing the limits as we add dimensions at the same
rate as the number of nodes.

4.5. Discussion.

In this section we have developed a general method to consistently estimate the economic
parameter using graphical reconstruction. The method allows the researcher to estimate
network effects using a general set of network statistics, such as eigenvector centrality, where
no analytical solutions are available.

Of course, we may be interested in how misspecification of the network formation model
affects graphical reconstruction. In practice, we do not know the family of models which
generated the empirical networks. Clearly, misspecification is problematic only to the extent
of the covariance between the conditional expectation of the misspecified model and its devi-
ation from the true model. While this is not easy to analytically characterize, it does suggest
that the model one needs relates to the network statistic one is interested in studying. For
instance, graphical reconstruction with Erdos-Renyi style models may be sufficient to study
questions pertaining to the degree distribution, but may perform poorly if one is interested
in clustering. Numerical simulations confirm precisely this intuition, suggesting that chosen
models ought to be a function of the statistic of interest.
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Another natural avenue for future work could assess the trade-off of dense versus sparse
network formation models. Loosely speaking, in dense models, there is more information but

on the other hand, identification issues can be thornier.

5. NUMERICAL EXPERIMENTS

This section reports the results of numerical simulations that characterize the biases due
to sampling as well as the behavior of the analytical and graph reconstruction estimators.

5.1. Simulation Setup. We specify a data-generating process for a set of random graphs
and outcome data, and then carrying out the following steps.

ALGORITHM (Simulation).

(1) Generation of data.
(a) Draw R networks from the network formation families (below).
(b) Generate outcome data from a model with 3y and data-generating process (y, €)|G; Bo.
(c) For each graph G, construct sampled graphs {G?, Gli :b=1,..,B}.
(2) Estimation of 3 using {G3,, GLSb :b=1,...,B}.
(a) Estimate 5,(G°) and B, (GS).
(b) If applicable, estimate the adjusted estimator 3,(G!S) and £,(G®).
(c) Estimate the graphical reconstruction estimators.
(3) Perform (1)-(2) for ¢ € {1/4,1/3,1/2,2/3}.
We generate networks of n = 250 nodes using the following simple conditional edge inde-
pendence model. We set parameters such that the average degree, clustering, path length,
maximal eigenvalue and variance of the eigenvector centrality distribution from networks in
our simulations mimics those moments in the empirical Indian networks data-set. Dividing
the set of nodes into 6 approximately equally sized groups, we place those groups on a line,
indexed from 1 to 6. The probability that an edge formed between two members within the
same group is high. The probability that an edge formed between two members of two differ-
ent groups declines in the cross-group distance, represented by the difference in the indexed

location of those groups on the line. Formally, let g(i) denote the group of vertex i. We set
P(Ajjr|zijr) = 2,007

Oor is a (g)—vector with elements 6o, j,, with 1 <1 < m < 6 and z;, is a (g)—vector with
Zijrgm With 1 <1 <m < 6. 0p, 1, is the probability that a member of group [ is linked to a
member of group m. The Im-component of z;;, is a dummy for whether ¢ and j are in groups
[ and m respectively, zijrim = 1{g(i) =1} 1{g(j) = m}. In order to generate 6y, ;,,, we use
a simple distance function, with 6o, = pr (1 — |l —m|/6) where p, is a uniform random
variable chosen such that the average degree generated mimics the average degree from the
empirical application.

We have conducted simulations for alternative formation models, such as one in which

covariates are generated by an autoregressive process and the edge formation probability
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is governed by a logistic regression. Another example is the subgraph generated models

(Chandrasekhar and Jackson, 2016). Results are qualitatively and quantitatively similar.

5.2. Regression of Outcomes on Network Characteristics. We simulate and estimate

a model with heteroskedastic residuals, y;, = g+ w;-(Gy)Bo+ 00 uir, where (g, fo) = (1,2),

Ui =N (0,0”/\/@) , O =3 Wir — Wir min +0.2, and ﬂgw =E, r {Uzﬂ )

Wir max — Wir min
This formulation creates a fan-like heteroskedasticity. We then can easily set the R? of the
regression to approximately 0.3 by defining 02 := (1/R%2—1) - E, g(Gir — Gir)? for i =
ag + wir (Gr)Po-

Columns 1-5 of Tables 7 and 8 show the estimation bias, in percentages, for regression
parameters when using sampled network data for a variety of network statistic regressors.
Table 7 shows the biases when estimating regressions at the network level while Table 8 shows
the biases when estimating regressions at the node level.

At the network level, we consider average degree, graph clustering, graph span, average
path length, and A;. In addition, we show results for the standard deviation of the eigenvec-
tor centrality distribution and the spectral gap. The eigenvector centrality represents how
important a node is in information transmission (Jackson, 2008b) and the spectral gap of a
graph characterizes how rapidly diffusion processes on networks spread (Chung, 1997). The
latter is closely related to the expansiveness of a network that Ambrus et al. (2010) show
characterizes good risk-sharing properties.

At the node level, we show results for the degree, clustering coefficient, and eigenvector
centrality of a node. Moreover we consider two regressions which characterize how far a node
i is from another node j. We select a random node j (corresponding to a randomly treated
node in an experimental setting) and generate a regressor which is the path length from i to
j. In addition, we partition the nodes into two subsets which communicate the most within
themselves and least across the sets. We say ¢ is on the same side of the spectral partition
of j if they are in the same subset. This partition is related to the spectral gap (Chung,
1997) and therefore has implications for the Ambrus et al. (2010) approach to characterizing
risk-sharing.

Overall we find that sampling the network leads to significant biases. Figures 7 and 8
present the corresponding results, graphically. Here we discuss the biases at 1/3 sampling
for the graph and node level. At the graph level the maximum bias is 260% (A1, induced
subgraph), the mean is 90.9%, and the minimum is 15% (clustering, induced subgraph).36
The biases include expansion bias in the cases of degree, maximal eigenvalue, spectral gap,

and graph clustering (for the star subgraph). The node-level regressions exhibit a similar

36When we looking at maximum, mean, and minimum, we are interested in the magnitude of the biases, so
our discussion focuses on the absolute value of the bias.
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pattern: the maximum bias magnitude is 91% (degree, induced subgraph), the mean is 63%,
and the minimum is 7% (same side of the spectral partition).

In Figure 7, we also present the results using the analytical corrections from section 3.3”
We find that the adjusted regression estimators perform uniformly better than the unadjusted
estimators. The biases are usually low. Overall, the analytical corrections improve 100% of
the parameter estimates in the simulations. At 1/3 sampling, the mean reduction in bias
percentage when comparing the analytical correction to the raw network statistic is 69pp
with a median reduction of 69pp and a maximum of 243pp. Similarly Figure 8 applies the
analytical corrections which were derived for the case of graph level regression, to node-level
analysis; the results are not motivated by theory and of course are mixed.*®

We also consider the graphical reconstruction estimators in Figures 7 and 8. It nearly
uniformly outperforms the estimator using the sampled data alone. Biases are mostly very
low across a number of linear and nonlinear network statistics. For illustration we discuss
examples with 1/3 sampling: at the graph level the median bias is 5.7%, the minimum is
0.6%, and the reconstruction estimator reduces the bias in 54 of the 56 parameters estimated
in Figure 7. The mean reduction in bias is 73pp and the maximum reduction is 254pp. We
find similar results at the node level. The median bias is 1.4% and graph reconstruction
reduces the bias in 100% of the parameters estimated in the table. Furthermore, the median
reduction in bias is 62pp with a maximum of 85pp. Not surprisingly, at a given sampling
rate reconstruction with G° performs uniformly better than with GIS. The effective share
of edges observed in the star subgraph is 1 — (1 — 1/1)2 but is 9? in the induced subgraph.
Typically 2/3 sampling with GI¥ (4/9 share of the edges observed) yields a reconstruction
procedure which is only as good as 1/4 sampling with G (7/16 share of the edges observed).

In Table 1 we study the behavior of significance testing and provide evidence that graphical
reconstruction may often increases t-statistics.?® Specifically, we present the ratio of the t-
statistic under graphical reconstruction to the t-statistic under the naive estimator using
the sampled network statistic. We find that at the network level across 86% of the cases
the t-statistic increases (48 of 56 estimated parameters) and at the node level across 96%
of the cases (46 of the 48 estimated parameters) graphical reconstruction yields a higher ¢-
statistic than the naive estimator. Moreover, we find that the average ratio of the t-statistic

of reconstruction to the naive estimator is high.

5.3. Regression of Outcomes on Network Neighbors’ Outcomes. Table 2 presents the
results for simulations for the model of equation (2.3) with (a0, po,70,00) = (1,0.5,2,0.5).
We use three specifications to demonstrate the emergence of biases in peer effects regression

due to two distinct causes: correlation of the instrument with the errors-in-variables problem

37In Table H.1 of Appendix H we show an example of an analytical correction that involves estimating &2.
33The correction working for degree with G° is mechanical since there is no mismeasurement for d; with i € S.
39Note that this is a numerical result and not a theoretical one. The results may be specific to network
formation models and statistics examined.
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and a weak instrument/finite sample problem induced by sampling. The table presents the
mean bias percentage as well as the standard error of the bias.

We present three methods of estimating peer effects with sampled data and one correction.
First, we show an estimate of the peer effect model with the network given by the induced
subgraph. Second, we present an estimation where (y,x) are known for every node, but the
network used is the star subgraph. Finally, we present the same specification but only allow
the researcher to have covariates for surveyed nodes. Each specification exhibits biases.

We vary the number of networks and disturbance size across three models to study how the
bias varies. In Model 1, we use one network with 250 nodes per simulation drawn from the
aforementioned model and set the number of simulations to 50,000. In Model 2, we use one
network with 250 nodes per simulation and use 50, 000 simulations, but reduce the variance
of the disturbance. Model 3 presents results a from 2,500 simulations of 20 networks each
with 250 nodes, drawn from the model.*°

All specifications show significant bias in the estimates of the endogenous and exogenous
peer effects. Comparing Panels A and B of the first and second set of columns shows the
biases are greater when there is more noise in the system. Moreover, comparing Panels A
and B of columns 1-5 and 11-15 shows that increasing the number of graphs in the estimation
from 1 to 20 only modestly reduces the bias due to sampling. Non-trivial biases which remain.

Overall, the analytical correction performs well. In the Models 2 and 3, the estimates are
essentially unbiased across all sampling levels presented. Moreover, the analytical correction
for Model 1 exhibits negligible bias for sampling rates of 2/3 and 1/2. However, biases emerge
at very low sampling rates, 1/3 and 1/4, in the case of Model 1. Furthermore, as evidenced
by the standard errors at 1/4, the estimates are extremely unstable.

To measure whether there is a weak instruments problem, in Panel C we display a gen-
eralization of the concentration parameter of the first stage, allowing for interdependence in
the variance following Kleibergen (2007).*" The intuition is that in these networks, even for
the analytical correction there is measurement error in the instrument. Since the number of
connections to neighbors and second neighbors in a network is low, the amount of noise in
the first stage increases.””> Panel C shows that the concentration parameter is very low for
the first stage estimates in Model 1, especially at low sampling levels. Moreover, once the
number nodes in the network is high enough or the amount of independent data (20 networks)
is high enough, the concentration parameter is extremely high. In these cases our analytical
correction removes the bias entirely while biases remain with the sampled estimators.

40The number of simulations was chosen to roughly equate the computation time, on the order of
n* - # of simulations, for each of the three specifications.

“For a first stage X = Zm + v, we use the generalized concentration parameter p? := 7'¥; 7 where 7 =
(2'2Z)"' Z'X and £, = var (7).

42The extent to which this matters can be seen by noticing that the concentration parameter is 2 for ¢ = 1/4,
while if the signal to noise ratio had stayed the same in the first stage, the concentration parameter should
have only decreased from 16 to 4.
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5.4. A Model of Diffusion. We numerically study the Jackson and Rogers (2007b) model of
diffusion and present the results in Table 3. In Panel A we use the aforementioned simulated
network data to generate a model with Sy = e~2.43 Columns 1-5 present evidence of severe
expansion bias in the estimates B when using sampled data. At 1/3 sampling, the transmission
parameter is overestimated by 250% when we study the induced subgraph and 85% when we
turn to the star subgraph. Columns 6-10 presents the graphical reconstruction results; the
procedure removes the entire bias.

5.5. Robustness to Misspecification. To investigate how well the procedure works with
empirical data, where we do not know the data generating processes, we conduct numerical
experiments using the networks of the Banerjee et al. (2013) data-set, described in greater
detail in section 6. We repeat the simulation algorithm of section 5.1 with the only difference
coming in step 1(a). Instead of generating networks from the aforementioned model, we take
50 independent draws with replacement from the Banerjee et al. (2013) data-set.** When
we fit a network formation model in step 2(c), we use the model given by (4.2). We use as
covariates the GPS distance between households as well as the difference in the number of
rooms, beds, roofing material type, and electricity access. Table 4 presents summary statistics
from graphical reconstruction exercises analogous to those of Figures 7 and 8. We find that
graphical reconstruction reduces the bias in 98% of the network statistics when using the
induced subgraph and 100% when using the star subgraph. In addition, the median bias is
9% with the star subgraph when using reconstruction with a median reduction of bias of 23pp.
Similarly, the median bias is 32% with the induced subgraph and the median reduction in bias
is 32pp. We have also conducted exercises (available upon request) where we do graphical
reconstruction but force all villages to be drawn from a model with common parameter 6,
instead of Ay, ..., Oggr: there is little reduction in bias, showing that allowing for heterogeneity
is essential.

Panel B of Table 3 presents the results from numerical experiments done for the Jackson
and Rogers (2007b) model of diffusion using the empirical networks instead of simulated
networks. We find that at 1/3 sampling graphical reconstruction yields biases of 5% and 8%
for the star and induced subgraphs, respectively. Taken together, the results of these exercises
suggest that even when allowing for network formation model misspecification, graphical

reconstruction typically outperforms what the researcher otherwise would have estimated.

43This choice was motivated by Jackson and Rogers (2007b) who numerically show this corresponds to a 20%
steady-state rate of diffusion. This matches the microfinance take-up rate in our empirical application.

44\We treat the networks as if they are fully-observed. In step 1(c) of the algorithm we sample each graph at
rate 1. The authors of Banerjee et al. (2013) currently are obtaining a 100% network sample in a resurvey.
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6. EMPIRICAL APPLICATION

This section presents an empirical application using data from Banerjee, Chandrasekhar,
Duflo, and Jackson (2013), which studies how households’ decisions to participate in microfi-
nance diffuses through village networks. We use detailed demographic and social network data
in 43 villages in Karnataka, India, which range from a 1.5 to 3 hour’s drive from Bengaluru.
The data was collected six months before a microfinance institution started its operation in
those villages. The networks are randomly sampled at ~ 46%.

The key outcome variable is the microfinance take-up decisions of households in the net-
work. Information about microfinance access is typically spread by members and the MFT has
administrative data which allows us to observe the diffusion of membership. Identification
is based on the principle that the MFT followed the same procedure in informing villagers
about microfinance in each village. The MFI identified a collection of pre-set individuals
in the village (anganwadi teachers, shop keepers, etc.), informed them about the program
in a private meeting, and then asked them to invite individuals to an information session.
Banerjee et al. (2013) contend that this scheme provides arguably exogenous variation in the
centrality of those households.

To account for the partial sampling, we assume that an edge forms between a pair of
households conditionally independently, given a set of covariates (GPS coordinate Euclidean
distance between the two households and the difference in the number of beds, number of
rooms, electricity access, and roofing material of the two households). We estimate the model
separately on each village using a logistic regression in which the observed data between two
households are coded as 1 (connected) and 0 (not connected). We have also repeated the
exercise but using a more sophisticated model, the subgraph generated model (Chandrasekhar
and Jackson, 2016). Results are qualitatively similar.

Panel A of Table 5 reports estimates of village-level regressions where the microfinance take-
up rate in a village is regressed on network characteristics. Columns 1-4 presents regressions
of microfinance take-up on network statistics, suggested by diffusion theory to be associated
with take-up. Column 1 shows the regression of take-up rate on the average eigenvector
centrality of the set of initially informed households. Diffusion theory suggests that eventual
take-up of microfinance ought to be higher when the first people to be informed are more
central. The increase of the average centrality in the set of nodes by 0.1 corresponds to a
16.3pp increase in take-up rate when using the sampled data; graph reconstruction places
this estimate as a 24.2pp increase in take-up rate. If the initially informed households were
from the 75th percentile of the centrality distribution as compared to the 25th percentile,
this represents a 7.5pp increase in microfinance take-up when estimated using reconstruction
as compared to a 4.5pp increase when using the sampled data. Recalling that the average
take-up rate is 18.49%, this suggests that sampling the network causes significant under-
estimation of the network effect. Column 2 presents the regression of take-up on the average

path length. If it takes one extra step on average to traverse the graph, this corresponds
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to a 5.4pp decrease in take-up of microfinance, according to the sampled network, though
reconstruction suggests that the estimate ought to be a 9.3pp decrease (with a t-statistic of
1.56). Furthermore, consistent with the results of Table 1, the t-statistics associated with the
estimates typically increase after reconstruction, suggesting that the researcher can better
detect anticipated effects with reduced measurement error.

In Panel B, we turn to household-level regressions where whether a household joins mi-
crofinance is regressed on network characteristics. Column 1 reports a regression on the
eigenvector centrality of a node (more central nodes should be more likely to hear about
the opportunity, under a simple diffusion model). Graphical reconstruction only yields a
modest change in this example: an increase in 0.1 of a household’s eigenvector centrality
corresponds to a 5.5pp increase in take-up likelihood using the sampled data and a 6.6pp in-
crease in take-up likelihood using graphical reconstruction. Column 2 provides a more stark
example in a regression of take-up on the inverse social distance of a household to the set of
initially informed households. The network effect more than doubles when using graphical
reconstruction. Being distance 1 versus 4 increases the probability of joining microfinance by
3.4pp under graphical reconstruction but only 1.6pp using the star graph. In addition, the
point estimate is not statistically significant at conventional levels (with a t-statistic of 0.9),
but graphical reconstruction establishes that zero is nearly excluded from a 90% confidence
interval (with a t-statistic of 1.62).

Finally, in Panel C we consider the regression of a household’s decision to join microfi-
nance or not on the sum of its neighbors’ decisions.*> The of p estimate corresponds to the
impact of one neighbor joining microfinance on the probability that a household joins micro-
finance. Column 2 displays the parameter estimate of the effect of the exogenous covariate,
v, whether a household is initially informed about microfinance. Column 3 displays the pa-
rameter estimates of exogenous network effect, 5. This estimate describes the impact of one
extra neighbor being a initially informed on a household’s likelihood of joining microfinance.
We focus on column 1 as the endogenous network effect is the key parameter of interest. The
star subgraph data suggests that a one neighbor’s take-up corresponds to a 2.7pp decrease
in the likelihood of a household joining microfinance (which a researcher might interpret as a
substitution effect). Meanwhile, the star subgraph data where we use the microfinance data
and injection point data only for sampled households suggests that a one more neighbor’s
take-up corresponds to a 4.7pp increase in the likelihood of a household taking up (which a
researcher might interpret as an information or endorsement effect). Finally, the analytical
correction shows that a one neighbor’s take-up corresponds to a 7pp decrease in likelihood
of take-up by a household (again, suggesting that the substitution effect may dominate).

Therefore, the sampled data has lead to severe under-estimation and even sign-switching of

45The estimating approach ignores problems raised by a discrete dependent variable, following the approach
taken in this literature (e.g., Bramoulle and Kranton, 2007; Gaviria and Raphael, 2001; Sacerdote, 2001). The
estimated standard errors handle the heteroskedasticity of the binary response variable.
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the endogenous network effect of interest. In particular, partial sampling may cause the re-
searcher to mistake a substituting peer effect for a complementary peer effect. The remainder
of the table suggests that, in addition, the exogenous peer effect is also under-estimated and,

in the sampled data cases, the effects seem to load on the exogenous own covariate coefficient.

7. SAMPLE DESIGN

We discuss how researchers can adopt our framework to think about data collection. The
question we are interested in is: given that a researcher faces a budget constraint and needs
to trade off the sampling rate and the number of networks in her sample, is there a method
by which she can assess the trade-off?

Suppose that a researcher is interested in estimating a coefficient in a regression of an
outcome on a network statistic. Assume that the researcher has a project budget b and a
pilot budget p. Each village has a fixed cost f associated with the survey as well as a variable
cost ¢ for sampling.*® We assume that the cost to sample individuals is linear and therefore
the cost to sample a 1)-sample of the village is cyyn. Finally, let R be the maximum number
of villages available to study.

We posit that the researcher is interested in minimizing mean-squared error (MSE) in the

estimation of 39.*” The relevant program is*®
(7.1) min _MSE(¢), R) s.t. (cyn+ f)R <b.
Ye[0,1,R<R

At the optimum ¢ = (b/ R— f)/(cn) and therefore we may consider the concentrated objective
function MSE(R) = MSE(¢)(R), R). The researcher may estimate the MSE by fully sampling
a small number of networks and hypothesizing By and R? from the linear regression, in a
manner analogous to performing power calculations by positing effect sizes and intra-cluster
correlations before conducting a field experiment (e.g., Duflo et al., 2007). A researcher first
randomly selects k of the R graphs using the pilot budget, where k& = p/(cn + f). Then,
using these k networks, the researcher conducts a numerical experiment, sampling them at
different rates and applying graphical reconstruction to estimate the MSE. By doing this, she
can select the optimal ¢ and R.

ALGORITHM (Research Design).

(1) Pick network statistics and network-based hypotheses to test.
(2) Hypothesize 3, R?, and generate outcome variable.
(3) Randomly sample k = p/(en + f) out of R villages and obtain entire networks.
(4) For each R € {R, ..., R}

(a) Randomly draw, with replacement, R villages from the collection of k£ networks.

46This method can be applied to richer budgeting frameworks.
4TResearchers can replace this with an objective function of their choosing.
48For formal asymptotics we may have to let b = b,, grow such that % — k some positive constant.
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(b) Estimate MSE(R) using the sample and hypothesized parameter values.
(i) Sample each of the R village networks at rate ¥(R) = (b/R — f)/(cn).
(ii) Apply graphical reconstruction to estimate Bols using outcome variable
from (2).
(iii) Repeat 4(a) and 4(b).i-ii for B simulations.
(5) Pick R* € argminy MSE(R) and pick ¢¥* = ¢(R*).

The algorithm enables the researcher to estimate the trade-off she faces, given her interest in
specific network effects and the distribution of graphs in her region of study. We conduct a
simulation exercise to demonstrate this procedure. We set b = $152,400, f = $1200, ¢ = $12,
n = 200, R = 150 and assume that the networks are drawn from the family described in
section 5 and the empirical Indian networks.*® We consider a grid of R € {33, 40, 50,60, 70}
and ¢ € {1,0.7,0.4,0.2,0.1}.

Figure 9 displays results for two node-level statistics, eigenvector centrality and clustering,
as well as a network-level statistic, the maximal eigenvalue of the adjacency matrix (A1).
We repeat the exercise for both our simulated network data as well as the Indian networks.
The figure shows MSE(¢(R), R) for sampled networks and graphical reconstruction. It also
displays a theoretical lower bound on MSE by plotting the MSE corresponding to using R
graphs sampled at 100% instead of at 1¥(R). Of course, we find that MSE increases greatly as
we move away from 100% sampling and use the raw sampled data. Next we turn to graphical
reconstruction and focus on the star subgraph. Looking at the Indian networks, eigenvector
centrality has the lowest MSE at 40% sampling while clustering has an optimum at 70%. For
these statistics, the simulated networks give 100% as the optimum. Meanwhile, A1 has the
lowest MSE at 100% sampling with the Indian networks but 20% sampling is the optimum
in the simulated networks.

Taken together, the results suggest that, first, performing graphical reconstruction is very
important, even with model misspecification as the researcher will not know the true families
generating the empirical networks. Second, the MSE-minimizing sampling rate depends
greatly on parameters, the network family, and the statistic of interest. It is difficult, if not
impossible, to say ex ante where the optimum lies: systematic procedures that depend on
the setting may be better than rules of thumb. Third, the results push against the prevailing
habit of researchers to obtain more cluster-units (e.g., villages) at lower sampling rates when
conducting cluster-level analysis. Our results suggest that, at times, just obtaining better
data with fewer cluster-units may be worthwhile. Though it is not surprising that network-
level statistics exhibit higher levels of MSE, as there are only R as opposed to nR observations,

this says nothing about the trade-off between the sampling rate and number of villages.

49The numbers are motivated from Banerjee et al. (2013).
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8. CONCLUSION

Applied social network analysis often use graphs constructed from data collected from a
partial sample of nodes. Even when nodes are selected randomly, the partial sampling induces
non-classical measurement error and consequently biases estimates of regression coefficients
and GMM parameters. Moreover, these biases are of unclear sign and magnitude. We
analytically examine the biases in the estimation of a number of network-based regression
and GMM models with applications to a variety of economic environments. To address
the problem in general, we develop a method to construct estimators that are consistent
and asymptotically normally distributed using graphical reconstruction, while allowing for
substantial heterogeneity across networks. Specifically, the method allows for every network
in the sample to be generated by a different model.

We conclude that network-based applied work must proceed cautiously, paying close at-
tention to network data quality. From an applied perspective, researchers should be careful
to work either with specifications which provide conservative results when facing sampled
data or implement bias correction procedures if possible. Moreover, researchers ought to
address the bias problem ez ante, either by choosing a unit of study where more complete
data is available, using graphical reconstruction to understand how mean-squared error may
vary with the sampling rate, or in cases where possible sampling in a way that preserves the
properties of the network of economic interest (recognizing that this may not always be possi-
ble). Undoubtedly, the performance of graphical reconstruction with empirical network data
will only improve as the burgeoning literature on consistently estimable network formation
models matures. To that end, from a theoretical perspective the lacuna in the literature is
the absence of network formation models that both allow for higher-order dependencies in
link formation and are also consistently estimable. This has now become a space of active
research.
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TABLE 1. t-statistic Diagnosis (Simulated Network Data)

% of Stats where t , /t,, . > 1 out of tota Mean of ty,,  \ cred / tNaive

1/4 1/3 12 2/3 1/4 1/3 172 2/3

(1] [2] [3] 4] [5] [6] [71 [8]
Panel A: Graph Level Regressions
G® 67 1w T 532 2.5 1.61 1.29
G 5/7 77 6/7 3/7 1.61 1.41 1.26 1.08
Panel B: Node Level Regressions
GB 5/6 5/6 6/6 6/6 4.09 2.74 221 1.83
G 6/6 6/6 6/6 6/6 3.23 2.94 2.46 1.93

Notes: The left panel displays the fraction of times the t-statistic increases when using graphical reconstruction as compared to using the raw
sampled network statistic across network statistics. The right panel displays the average ratio of t-statistic under graphical reconstruction to t-
statistic under the raw sampled network statistic across network statistics. We use 7 graph-level statistics and 6 node-level network statistics,
identical to those used in Tables 1 and 2. The simulation data is the same as that used in Tables 1 and 2.
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TABLE 3. Bias in Estimation of Sy in Jackson and Rogers (2007a) Model

Raw Network Data Graphical Reconstruction
1/4 1/3 12 2/3 1/4 1/3 12 2/3
[1] (2] (3] (4] (3] [6] (7] (8]
Panel A: Simulated Networks, Bias % in Estimation of B,
GB 329.0% 250.0% 104.0% 55.0% 1.0% 0.0% 0.0% 0.0%
GS 117.0% 85.0% 28.0% 12.0% 0.0% 0.0% 0.0% 0.0%

Panel B: Indian Networks, Bias % in Estimation of B,

G 263.0% 230.0% 103.0% 53.0% 8.0% 8.0% 7.0% 6.0%
GS 129.0% 92.0% 31.0% 14.0% 6.0% 5.0% 3.0% 1.0%

Notes: Table presents bias in estimation of 3, the transmission parameter in the Jackson-Rogers diffusion model described in section
3.3 of the text. Data generating process for the simulated networks is the same as in Table 2. Networks in panel B are same as those
described in Table 6. We set B, to exp(-2) and perform each simulation 100 times.
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APPENDIX A. REGULARITY CONDITIONS

A.1. Regularity Conditions for Section 3.
ASSUMPTION A.l. Let (ar) be a sequence of normalizing constants.

(1) The data consists of (yrr, XyRr),<r with Eler|Xgr] = 0 and the model is y,r = a +
XrrbPo + €R- )

(2) 0 < 02 < 0o where 02 := plimp_, . ax’Eg (XT, - XRT) .

(3) 02 :=plimp_,o ap’ERv? < oco.

(4) The mismeasured regressor is X'p = mpX,gr + vrr, with limp ,oomp = m, and

plimp_,o ap’Er [v.X,] = 0.

ASSUMPTION A.2. The sequence of networks {(Gyr): r=1,..,R; R > 1} is such that d (G,r) /a1in e
and ds (GyR) [aon N co for constants aip,az, € o (ng).

A.2. Regularity Conditions for Section 4. Let P(G,|z,;0,) be the distribution of the
graph G, given covariates z.

AssumMPTION A.3 (Random Graph Model and First Stage Estimation).

(1) Vr, ©, is a compact subset of R% ; G,. is a G,,-valued random graph with P(G,|z;0,) €
C2(0,) at every (G, 2) € G, x Z; H, g == sup, maxg.g, %P(Gﬂz; 0)
00.

,supgsup, Hg, <

(2) The first stage estimation satisfies for some sequence of normalizing constants (ag),

b>1, andr <R, ar - (6, — 6py) = Op(1) and SUp,.<p 16, — 6o, || = Op(ag' - RVY).
(3) For node-level analysis ap'-VnR2/% — 0 and graph-level analysis az' -V RIT2/b — 0.
(4) Bo is an interior point of B, a compact subset of R%.

Condition 1 ensures that the random graph family is smooth enough in the parameter, so
small deviations from the true parameter do not result in very different probability distribu-
tions. Condition 2 is a high-level condition on the first stage estimation which we microfound
in section 4.4. It guarantees that we can uniformly replace the estimated network formation
parameter for every graph in the sequence with its true value. Condition 3 is a rate require-
ment which relates the rate of estimation of the network formation process to the rate of

estimating the economic model of interest. Condition 4 is a standard interiority condition.

Let h denote a random variable.
DEFINITION A.1. A sequence of measurable (potentially matriz-valued) functions {¢; »(hiy; @) :
i=1,.,ng, r=1,..., R} satisfies an envelope condition over a € A if there exist measurable
functions Ly (hir), with ||¢;r(hip; )| < Liy(hi) for every hiy and o, and \/nE,L;, r has

uniformly integrable vth moment for v > 2.
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DEFINITION A.2. A sequence of measurable (potentially matriz-valued) functions {¢; ,(hir; @) :
i=1,..,ng, r=1,..., R} is Lipschitz continuous in o € A if there exist measurable functions
M; »(hiy) with || @i r (hir; @) — @i r(hir; @)|] < M; - (hir) ||a — &|| for every hiy and o, & € A, and
VnE, M, » r has uniformly integrable vth moment for v > 2.

We also use 7, (o) := E [% log f(h|x; oz)% log f(h|z; a)|z; oz] to denote the conditional
information matrix with random variable h|z, density or pmf f(h|z), and parameter a.

Turning to the economic model, observe that the network statistic w(G) may be growing
or shrinking in n. For instance, the eigenvector centrality declines as it is a unit norm object.
The degree of a node may be ©(1), ©(logn), or O(n) depending on the graph family. In what
follows, in regression we assume that the model is such that all regressors are rescaled at the
appropriate rate: if they exhibit growth or shrinkage at b,,, we assume that the models are
specified using w := b, 1w as regressors. Similarly, in GMM we assume that the moments and
network statistics, both of which may depend on R, are appropriately rescaled. We present
regularity conditions for least squares and GMM separately, though they essentially can be
nested since least squares does not require assuming the joint distribution of y and G.

ASsuMPTION A.4 (Linear Regression).

(1) El[e|lw] =0, E[e€|w] = Q, p.d. with supp Amax () < 0o

(2) B [Jwiel* 256] and [T, 1a, (01)]
L, (zy).

(3) supg>1 sup,<p var (v/nE,w;(Gr)) < C1 < 0o and inf g>1 inf,<g var (v/nE,Er (2,3 00,)) >
Co > 0, uniformly over the array.

for k = 1,2 satisfy the envelope condition with

Define gr(8) := E,, REm(yir, wir (G,); 8) and f(m|x; 3,6) be known up to parameters.
AssuMPTION A.5 (GMM).

(1) W = W +op(1), W is p.s.d. and the model satisfies limp_oo Wgr(8) = 0 only if
B = Po-

(2) The limits imp o0 En g [E€ir (2456, 8)] and limp_,oo Ep r [Ea%,gw(xr;@r,ﬁ)} exist
uniformly over B X [[,.cn ©r.

(3) [ Zong 1, (8, 00)||, E [[| B (Xis 8| 360, 8], and E [ Xigs B)I1F g3 00, 5] for k =
1,2 satisfy the envelope condition with envelope L; ().

(4) m(X;B) is continuously differentiable on the interior of B for every X € X and
both m(X; ) and (%,m(X; B) satisfy the Lipschitz condition with constant M; ,(X;,),
where E [M; - (Yir, wir ) |[7,] < Li ().

(5) supg>1 sup,<p var (v/nlE, [m(X;,; fo)]) < C1 < 0o andinfg>1 inf,<pg var (v/nEy [Eir (25 Bo, Oor)]) >
Co > 0, uniformly over the array.
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Assumptions A.4 and A.5 are similar, and not particularly restrictive, so we discuss the
GMM case. Assumption A.5.1 is a standard identification condition. Assumption A.5.2 is
standard (e.g., Andrews, 1994) and Assumption A.5.3 places uniform restrictions on higher
moments of the conditional moment, slope of the moment, and information matrix allowing
weak laws of large numbers to be applied. Assumption A.5.4 allows these convergences to be
uniform over the parameter space.

Assumption A.5.5 is what allows us to pass a central limit theorem to the conditional
random variable if the unconditional satisfies one.’” It is reasonable in practice because we
use independence across graphs and simply a uniform boundedness condition within graph.
This is substantially weaker than having to assume a within-graph central limit theorem for
m;-, which would depend on the idiosyncrasies of the network formation model and network
statistics. However, it comes at the cost of requiring data from multiple networks. We make
this assumption because currently the statistics of networks literature has not character-
ized within-graph node characteristic interdependencies (e.g., the correlation of eigenvector

centrality between nodes for various random graph families).
A.3. Regularity Conditions for Section 4.4 (Examples).

A.3.1. Example 1: Conditional Edge Independence Model. First define a distance (pseudo-
metric) dz(+,-) over the set of pairs, given by E, where two pairs ij and kl’s distance is said to
be the minimum coordinate-wise distance between an element of the first pair and an element

of the second pair. Specifically, for s;;, s € Z and da(t,t5) := |[t; — t;]|;,
d=(8ij, sk) = da(ti, ) Ada(tisti) A da(ty, te) A da(te, tr)-

To describe interdependence in the data, we define a mixing coefficient. Let D C Z% be an
integer lattice and to each s € D We associate a random variable z;. Then {z; : s € D} is
a random field and we are interested in controlling the dependence of z; and zy. Let Aq be

the o-algebra generated by a random field {z; : s € Q}. We define the mixing coefficient
am(m) = sup{\P (A1 N AQ) -P (Al) P (AQ)‘ : Al S AQi? |Ql| S k, ’QQ’ S l,d(Ql,Qg) Z m}

where d(€1,Q2) = ming yeo, xQ, | — y||;- We will need to assume that the level of interde-

pendence goes to zero as the distance between the two subsets goes to infinity."!

50Since this paper focuses on the effect of sampling on network analysis and not on regression or GMM models
on graphs, we make the assumption that the underlying model satisfies reasonable regularity conditions if the
full networks were observed and focus on the effect of sampling and graphical reconstruction.

51The triangular array notation is cumbersome, see Jenish and Prucha (2009), but formally is {zs,r : s €
Dpg, R € R} a triangular array defined on a sequence of probability spaces where Dpg is a finite subset of D
and

ag,(m) == ?zuji sup { ’PR (A1 N Ag) — PR (A PR (Az)‘ DA€ AS

QF| <k, [Qaf <1, 2 C Dr, d(Q1,Q2) >m}.
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AssuMPTION A.6 (Mixing Conditions). Vr, z, := {zir ;e ANC Zd} is a stationary mixing
random field, zij == f(zir, 2jr) satisfies sup, El|zi [P0 < sup, E| z1,|[P*?, and sup, E |21, |IP <
oo for p > 2 with (i) sup, b o, (m) < Ca™ for a € (0,1) or (ii) sup, ab o, (m) = o(m™?).

The assumption on f is not very restrictive. The most natural example is a covariate based
on the difference in characteristics of nodes ¢ and j: z;; = ||z; — z;||. It is easy to see that
E||zi;]|¥ < 2¥E| 21]|¥ by the binomial theorem and stationarity. Because A, is a measurable

function of zg,, it will inherit stationarity and mixing properties and therefore so will X, .

AssuMPTION A.7 (Joint Convergence). Let Qy(6;) := plim,,_, 2|7 O ez Eq(Xs; 6,).

(1) ¥ >0, infrer [Qq) (or) — SuPgjg_gp, |5 Q) (0)] > 0.

(2) DPMlg(X,,;0) satisfies a Lipschitz condition with B(X,,) , for multi-index |v| > 2.

(3) 271 moments exist for envelope B(zsr) > ||0Q ) (6) /06, .

(4) R = O(|Z|") with h < p/2 —~dp — 1 for some ~ € (0,1)
Condition 1 is standard for identification, 2 requires sufficient smoothness, and 3 requires
that the score functions have well-behaved envelopes. If the link function is logistic, this is
satisfied. Condition 4 relates the number of networks to the number of nodes per network:

it needs to grow slow enough to be able to uniformly control the estimation error.

A.3.2. Ezxample 2: Links and Triangles SUGM.
AssumPTION A.8 (Links and Triangles SUGM). Let the probability of links and triangles be

Oor,r 6,
(Pore pory) = (%2, BELE)  where

(1) (borr.bor) € [D. D] C B2,
(2) hy, € (1/2,1) and hy € (hy + 1,min{3,3hr}) or hy € (1,2) and hy € [hy +
1,min {3,3h}),
(3) and R =nF for k < max{2 —hp,3 — hr}.
This first two are just the assumptions required to get consistent and asymptotically normally
distributed parameter estimates in Chandrasekhar and Jackson (2016), Proposition 4. The
third will allow us to maintain a slow enough rate to get a uniform convergence of the objective

functions across the R networks.

APPENDIX B. PROOFS FOR SECTION 3

Proof of Lemma 1. This follows from o - plim 3 = o= Bo Cz‘;gq(’%)) < Byow, using Cauchy-

Schwarz since |cov(w,w)| < 0,0 and cov(w,w) > 0. =

LEMMA B.1. Under Assumption A.1, 3 R 18

~ , -1
Proof. The proof is standard and follows from plim 5 = plim (GEQX}E X ;‘%) CL]_{Z (mrXR +vr) XrBo =

2
b0 g
T o24n—202"
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Proof of Proposition 3.1. For degree, from Lemma D.1 and D.2,
Bld(GL5)|Grrl = (¥ +O(n™") d(G,) and Bd(G)|G,] = (1— (1—¢)* +6(n™")) d(G,).
—_—————

TR Xrr TR Xrr

Similarly, for graph clustering, from Lemma D.3 and D .4,

p(G?) L. PG p(G®) vB-2¢) pG)
El( )|G ] (G)+ ().andE[( )\G ] T T(G)+ (1).

Finally, for support, from Lemma D.5,

E[s(c)16] = w2+2¢(1—w3i12—(1_(1) )“”P(x]G)}S(G)+O(1)’

and

E [s (G\S) \G] = {1 ¢! —w)IP($|G)} s(G) +o(1).

So Assumption A.1 holds so the result follows from Lemma B.1. =

Proof of Proposition 3.2. Recall ¢, = d2(G,)/d(G,) and let log ¢ :=log ¢, + log v which we
can write by Lemma D.6. To sign the bias we are interested in
B cov (log! (d(Grd(Gr) ) log ™! )
im — .
o R Y var (log ™ (da(Gr)d(Gr) ) )

First observe that
-1 Z cov (log (do( G, )d(ér)*l), log §r> =R Z cov (log*1 ¢, log !t log Q,) +op(1).

This follows from ‘log_l(dg(ér)d(é,«)*l) —log7t ¢,
the numerator of the fraction and noting

= op(1) which we can see by considering

‘10g&«—log(dg(ér)d(ér)_l)’ < ‘logdg(GT)—logd(G,«)+10g7—logd2(é7«)+logd(ér) = op(1),

by Lemma D.6, where v = k(¢)) /% or 1 depending on G or GI¥, using the fact that log (-)
R1 Z v:ov(log_1 Zr,log_l C,«)

R-1Y var(log_1 Z‘;) ’
If v > ¢! for every r, then cov (log_1 én, log~! C,«) is positive for every r by definition. In

is Lipschitz on R>1. Therefore we are interested in limp_;o,

addition, for every r, since log~vy < 0,
cov ((log ¢ +logvy) 71, log™? Cr> < var (log_1 Cr) .

R1 Z cov(log*1 Zr,log’1 C,«)
R-1Y var(log_1 Zr)

This shows limpg_, < 1.
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Next, assume that v < ¢'. Then sign {cov (log_1 Er, log™! CT)} depends on the distribu-
tion of ¢; it cannot be signed. Therefore plim R~ cov (log_1 ¢y log™! Cr> can take either

sign. This is easily seen geometrically.
Finally, that the analytical corrections are consistent follows from the above argument in
the first step, noting that we use log(ydz(G,)d(G,)™") and therefore

log ¢; — log(vda(G,)d(G) )| < [log & — log(da(Gr)d(G) )| + llog 7 — log | = op(1)

which completes the result. m

Proof of Proposition 3.3.

Step 1: G is a compression of both G and G, so A\x(G1¥) < Ar(G), \p(G®) by the Cauchy
interlacing theorem. Noticing [A(G®)];; < [A(G)]ij, M(GS) = supyegn1 @/ A(G%)a <
Supaegn—1 2 @i [A(G)ij = A (G).

Step 2: Tt is clear that Tr(A(G®)*) < Tr(A*), since we can partition
n_l Z Ai1i2~--Aiki1 - n_l ZAi1i2 Zkll Z Azlzg ’Lkl1
i1,k EVE A "k a

with A = {i1, vy i 2 VE E [k], itVit+e(t) €S, e(t) S {—1, 1}} and ZV’“\A A(GS)HZQA(GS)%“ =
0. Let Sk, be the set of all k-sequences using elements from o. Let 7; be the number of
terms in the sum with j distinct nodes. Then notice % YN = ©F. For A(G'S), we have

E [Mk(GdS)’G} = m_l Z Z A“ZzAlk“P (O’)

0€S i1,...,ix €Sk,

(17 oo -

o j=2

completing the proof. m

Proof of Proposition 3.4. We use T" to denote the row-stochastized adjacency matrix, T;; =
A;j/d;, instead of w, where d; is the degree of node i to follow the literature (e.g., Jackson,
2008b). Let T = T(G).

Step 1: We show the argument for the case with G°. The argument for G!¥ is similar, but
omitted. Let

o= M° (p(T— Ty +6(T —T)x + e) = MO,
where M° = I, —u//n. The instrument is Z = [¢, z, Tz, T%z]. Tt suffices to show E[Z'MOu] #
0. We can write
z, G] .

E {Z’mx, G} =E [(L'Mou,x/Mou,x/T/Mou, x/TQMou)/
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The first two components mechanically have expectation zero. By the reduced form rep-
resentation in section 3.2, we can write y as a function of x and powers of 7. The third

component requires considering terms of the form z’E {T’ MO (T — T) |z, G} dx. For generic
x, this is zero if and only if E [T’MO (T — T) \x,G} = 0. If we show Tr (E {T’MOT\GD +
Tr (E [T’ M 0T|GD, the preceding equation does not hold. We pass the expectation by lin-

earity, use a cyclic permutation and write
E | Te(T'MT)| = B [Te(M°TT)| = B [Te(TT")| - n™'B [ Te(T"0/'T)] .

Let (-,-)p be the Frobenius inner product, (A, B), = Tr(AB’) and ||-|| the Frobenius
norm, ||Af|% = Tr(AA’). In Lemmas D.7, D.8, D.9, and D.10 we compute the following four
terms E {HTH%}, E [<T,T>F}, n'E [TF(T/LL/T)}, and n~'E {TI"(T/LL/T)} which we then use
to complete the argument. We find

Tr (B [T'M°T|G]) = (1 = n ){ITI[% + > aldi )} - na(dy), Tr (B |T'MOT|G))
= (L= n"DH{ITIE + D &(di )} - n”'es(d v).

In Lemma B.2 we show that (n — 1), {&(di, 1) — & (di, )} — {@(dﬁ ¥) — &(d. ¢)} 40 for
all but finitely many ¢ € (0,1), with an upper bound of 2 - max; d; points, which completes
the argument.

Step 2: We now show that the restriction of the set of observations in the second stage to
i € S yields E [Zgsugs] = 0. This follows from the fact that Ty = Ty for all such i € S, and
therefore u = €. The result follows from the fact that the instrument is correlated with Ty

but orthogonal to €, despite measurement error. m

LEMMA B.2. Given a graph with non-degenerate coefficients above, for only a finite number

of ¥ € (0,1) can Tr (E [T'MOT\GD £ Tr (E [T'MOTyGD.

Proof. Let f(,G) i= (n—1)%; {&(div) — & (di, )} — {&(div) — &(d, ). Showing
Tr (E [T'MOTyGD £ Tr (E [T'MOT\G]) is equivalent to showing f(¥,G) # 0. By the
definitions of &, f(1, G) is a rational function in v, with a numerator polynomial of degree
bounded by 2-max; d; and coefficients given by G. As we assume that the graph does not yield
coefficients so that the rational function is degenerate at zero, by the fundamental theorem
of algebra, there are at most 2 - max; d; roots of the numerator polynomial in ¢). This bounds

the number of sampling rates ¢ € (0,1) that would exactly satisfy the exclusion restriction
forG. m

Proof of Proposition 3.5.

Step 1: Let 5* solve p =Y, %f’(d) where P(d) is a sampled degree distribution.

By (3.1) and that 5 f;gﬁ()ﬁ% 5 is strictly increasing in d when 3 > 0, we have 3* > 3y provided
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first order stochastic dominance of P(d) over P(d). For G¥, for every d the count of nodes
with at most degree d is weakly increasing under sampling; first order stochastic dominance
follows. For G!® the argument is more delicate and relies on this being true in the limit.
We use limsupp_, o Sup, < Supy |Prr(d) — Peor(d)| = 0 which we did not need for the star
subgraph, which implies lim supg_, ., sup,<p sup, ‘Plgr(d) - P‘O‘Zr(d)‘ = 0. Let Fig(z) be the
CDF for P and F(z) for Poo

Fis(x) =2 > P ()wdl— ZP Z(;)wdu—w-d

d<z i>d d<iNhx

:ZP( FBmzv,Z)) Z FBmHJ})( )
i=1

i=x+1
xT [e.e]
=1 i=x+1 d<m

which confirms the stochastic dominance. The usual argument for GMM consistency shows
plim B > (o since in the limit 8* for every graph is greater than [y, proving the result.

Step 2: By Jackson and Rogers (2007b), in graph r infection can spread only if Sy > ¢ ; Rl.
By arguments analogous to those in Lemma D.6,

YEd

V?Ed? + (1 — ¢)yEd

14 ¢

5 2/ IS
E[d(G'5))/B[(G'%)] = e
—_————

+o(1) = (T (1-9)-

+o(1) and

Positive
|
B BRG] = e o) = - S D o

Positive if ¢>(1+v).

The result follows since, by assumption on 6.z, S0 < (~HG 7nR) w.p.a.l for every r, for G
either GI° or G5. m

APPENDIX C. PROOFS FOR SECTION 4

~ _ -1
Proof of Lemma 4.1. For every network a,, - (6, —6p,) = — (V(;V(r)(e )) -V (0o,). By the
r) =

Lipschitz condition 4 of the Lemma and Lemma E.2, sup,. V(;V (0 VQVT) (Bor)|| = op(1),
which can be seen from
sup ‘VG‘A/(T)(@_T) — VoV (bor)| < =op(1).

. —1 N
an - (0r = O0r) + (VoViry(00r)) -~ an - V(b0r)| = op(1).
By condition 3, we have that a,,-sup, ||IA/(T)(9T) | = Op(RY?), since E|| sup, an-f/(r) (Bor) 1P/ <

By condition 5 of the Lemma sup,
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RY*sup, ||ay, - ( y(0or)||¢, and therefore a,, - sup,. 0, — Oo,|| = Op(RY?). 1f instead of b mo-
ments we assume all moments exist, then /log(R + 1) replaces RY? by a standard Orlicz
inequality (e.g., Van der Vaart and Wellner, 1996). m

C.1. Proof of Theorem 4.1. The argument is entirely standard and follows by expanding
around 6 uniformly and then checking that conditional expectations preserve asymptotic
normality. We separate the OLS and GMM cases.

Proof of Theorem 4.1.1. Consistency is clear so we directly check normality. Let u; =
€ir + (Wi (Gy) = Eip (213 6,)) Bo and Hr(0) := (nR) & (x;0)'E(x;0). As usual vVnR (3— 50) =
Hr(0)™! - (nR)~2E(x;0)u

Step 1: To show HR(a)—HRp(GO) = op(1), where Hg ¢(00) := Epr [E[&ir (2r; 00r ) Eir (275 00r)']].-

By a term-by-term expansion,

-~

HR( ) = HR(OO) + EnR [‘Pzr(ér) (Ip 02y (é\r - 907"))}

where \iiir(ér) = % {&r(xr;é,,)gir(xr;ér)’} is a p x pk matrix of derivatives w.r.t. 6.,

which exists by Assumption A.3. By Lemma E.4 the second term op(1) since H‘i’ir(ér) S
H%&T(xr; ér) Eir(Tr; H_T) < L”(xr)Q, which by Assumption A.4.2 follows from
. 121, -0 1.
gzr(‘rr;gT) <L; r(xr and H(?H’ ir xraer) < \/E [szrH ‘xra 97‘i| \/E {H-Iwir\xr ) } < L; r(xr)

That Hr(6y) — Hr0(fo) = op(1) follows from Lemma E.3.
Step 2: We show (nR)*l/QE(x;g)’u ~ N(0,V). Let fir(0r;8) := Eir(xr;0,) (wir(Gy) —
gir(xh gr))lﬁ- Then

€ (w3 0)'u/VnR = f(00: B0)/VnR + (x:60) e/ VR + VnREyr [:1(6,) (I, ® (B, = b0r) )|

where 4, (0,) = 5 { fir (073 Bo) + Eirl(2030,)eir }.

Clearly E[fir(60r, 80)] = 0 and E [E;p (x5 00r)eir] = 0.2 Let gir(6or; Bo) = fir(Bor; Bo) +
Eir(xr; 0oy )€ir. That \/ﬁEn,Rgir(Ho,«, Bo) ~» N (0,V), where V = lim Egvar (v/nE,gir(0or, B0)),
follows from Lemma E.4 which can be applied by Assumption A.4.3.

Finally, the ®;.(f,) term is controlled by Lemma E.1 using H%f"(ér; BO)H <p Li,(z,)?,
which follows from

| i )

0 - 0
< || 2, Cir\Tr; Ur ir(Gr) — =5 Eir (25 0
< sup 8| g )| [ (Gr) = gzians

5 Li,r($r) ||wz7'(Gr)|| + Li,r(xr)Q SP Li,r(ajr)2

as [lwir(Gr)|| Sp E[[[wir(Gr)l] < E[Liy(2,)]. =

52The former by iterated expectations and the latter by assumption on e.



ECONOMETRICS OF SAMPLED NETWORKS 64

Next, we turn to GMM. The argument is conceptually similar and depends on uniform
expansions. The main difference is control of score functions. Let us define the conditional
score®® with respect to 5 and the conditional score with respect to 6, as Sy, |z, (8;0,) =
é%,,log fmip|zy; 8,0;) and Sy, (2, (05 8) = 80, log f(m.|x,; 8,60,). The corresponding infor-

mation matrices are

Imz’r|$r (57 97‘) =E [ My |Tr (/87 ) My | Ty (57 )/’xr; ﬁ797‘:|
and
Imir|l‘r(9 7/8> =E [Smwkcr(e 'B)Smir\xT(g'r;/8)/’1'1“;/6707“} .

Notice that HI |z (B3 07) H |z (B, 0r)|| and H —— ;ﬁ)‘ < (8,0,)
each is a projection of the larger mformatlon matrix, by Cauchy’s interlacing theorem. We
also use a shorthand &;,.(8,0,) for & (x,; 3,6,).

, since

LEMMA C.1. Under Assumptions A.3 and A.5, Bgmm N Bo-
Proof. In four steps we check conditions 1-4 of Andrews (1994), Theorem A-1.
Step 1: The first part is clear by Assumption A.5.2, since E [m(y;., wir; B)|xr; 6y, 8] =

Eir(B,0,). That &,(B,0,) satisfies a uniform law of large numbers,

sup ”EnR {gzr(ﬁy ‘97‘) - Egir(ﬁv 97‘)}” = OP(l)’
(B’Q)EBXHTGNG

follows from a pointwise convergence, which is clear, and stochastic equicontinuity. Stochastic
equicontinuity follows from a Lipschitz condition. Define the following.

_ 9 _
cl1(5,8,61) i= B | 5 m(hes wir(Go)s B)|or A% 13 0r, 8.

ezz,r(ﬁla Ba ‘9;) =k [m(yira wir(Gr); ﬁ,) : Smir|ac,n (Ba 9;),|Z7~, A?bsa Yr; Or, B} )
and 67,3,7“(5/7 é?”) 97“) =E {m(ylrvwzr(GT)vﬁ,) : Sm”‘xy‘( ) |ZT7 A0b87y7“7 1“7/8:|

By a Taylor expansion it follows that

HE [ yzmwzr(Gr); 6,)‘2T7A$bs7yr; 07/"76/] —E [m(yirywir<Gr); 6)"27’7 Agbsayﬁ 6“/8} H

is bounded by ||} (8, 8,6;) + € ,.(8', 5,6;) e ,.(5,0)
by Assumption A.5.3,

€ir(B, 5,0,

' —6,]|. Then we have

yzry wzr(Gr); B)

<[5 28,] £ Lt

53The right-hand side of the expression abuses notation. Given that graphs occupy a discrete space, with
continuously distributed disturbances in the model we may formally have to decompose the measure into its
absolutely continuous part and its pure point part (e.g., Lebesgue decomposition theorem). We rule out the
singular part by assumption.
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< \JB [lmar ()1 500, B) - o, (55 00

(800,00 < B [l 312 02 3] [T 0 )] < i)

As SUCh, with dBXHreN @T((679)7 (5/7 9,)) = HB - /BIH v SUPreN HQT - e;Hv

&, (8'.5.0,)

< L;,(z,), and

||En,R {517"(67 97“) - Sir(ﬁla 0;)}“ < EmRLi,r‘Sgg (HB/ - /BH + ng/n - 97’”) < En,RLi,r'dBXHTeN @r((’B’ 0)7 (ﬂ,a 0/

Since supg>q En g [EL;y] < oo, by Andrews (1992) Lemma 2 it follows that stochastic
equicontinuity holds and that E,, rREE;-(3, 6,) is uniformly continuous in (3, 6) € Bx],cy O

Step 2: The second and third part of the second condition are clear: by Assump-
tion A5.1 W — W = op(1) and by Assumption A.3 (51,...,53) € Hle O,. We need

only show supgep HlimR_mo E, rEE: (B, 1/9;) — limp_yo0 By REEir (B, 00r)|| = op(1) for 6y €

[I,en ©r. This follows from a Taylor expansion and the fact that

lim E
Sen R "RH ot

= Op(l)

(3,6,) - (I ® (@T — 90r)) H <limsupE, rEL;

R—o0
ér - 007‘
A.5.3. This, in turn, results from the fact that HE Eir(B,6,)

oy’
[BaEir(8.6,)|| < E[|E [mir (8)Sn 10, (8: 6, 5.6,
HE%EZT(BaéT)

< B[\ (B (13 )P i 8.0,]) [T (3:00) ] < B ).
. Eir(B,0:)] < ELM and limsup,, o E, rEL; , < c0.

Step 4: By iterated expectations g, (3) = E,, rE [E [m(Xir; B)|zr; 6or, Bol] = En, REnir (8, 0or, Bo)
where 7, (8,0, 8) := £y (B, 6,). By the identification condition, Assumption A.5.1

where sup, = op(1) by Assumption A.3.3 and limsupp_,., Er rEL;, < oo by
< EL;,. To see this, note

}. By Assumptions A.5.3 and A.5.4,

W lim En,REnir(ﬁy 901”7 /80) 7é 0 and W' lim En,REgir(ﬁv 907‘) ?é 0
R—o0 R—oo

for B # Bo, but Wlimg_,o0 En rREE: (8o, 00r) = W limp oo En rRENir (B0, 00r, fo) = 0. By
positive semi-definiteness of W, letting K'K = W, observe that 0 # W f(8) = K'Kf(53)

implies K f(5) # 0. It follows that Q(3, 800, W) > Q(Bo, 6o, W) for any 8 # [Sy. m

Proof of Theorem 4.1.2.
Step 1: The estimator satisfies for 'Ayn’R(B; §) =E,r {EZ-T(B, @)},

[;ﬁ,%ﬁ(ﬁ;é’)] W R 1(3:9) = op(1).

A term-by-term expansion yields v/ nR’Ayn,R(B; 5) = nR?mR(B; 0F)+vVnRE, g [\i/ir(ér; B) (Iq ® (@ - HOT)H ,

where ‘ifir(ér;g) = eir(,g, 6,,0,) has been controlled in the preceding lemma. Similarly

)
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2, (B:0) = 557 m(B; 0F) + B g [€40(81 B) (1, @ (B, — 00r) )
. o . L
i (0r; 8) = {35’ m(Yir, Wir; B) Mir|Tr (0 5)|A2, Yry Zr; Or, ﬁ]

+E[ (ywawzraﬁ) m”|wr(B é) m”.|ocr(0_7“§B)’A?7yr;zr§9_rag]-

We can bound the first term by (E[|| 52 m(Yir, wir; B)12|225 0, BI-Ell S, 2, (0r; B) 12| 01, B) 1/

and the second by
0 ~|I? ~ _ 4 I 4 o

E Haﬁ,m(yw,wir;ﬁ) {Hsmm ;0r) } /| E {Hsmm%(&;ﬁ)H !mr;HT,B}
and therfore H@T(@; B)H <2L;,(x,). By Lemma E.1, [8%,'%,3(3; Hg)]/W\/anAyn,R(B; o) =
Op(l). '

Step 2: A term-by-term expansion for the jth term yields v/ nR’Ayfl’ Rr(B;08) =vn vn r(Bo; 08+
\/nRa%,’Ayn,R(B;Hé%) (3— ﬁo), so it remains to be seen that HB%,WH,R(B;G(I)% - MH = op(1),
where M = lim,,—o0 EnR [Ea%,&?«(xr;ﬁo,ﬂo,n)}, and that vnRA, r(Bo; 0F) ~ N (0,9), where
Q= limy, 00 Eg [var (v/nE,Eir(zr; Bo, bor))]. For the derivative,

o . 5 o .
|35 = 2| < |23 B 08D — B v B o)

+ ‘ (03 5, Bor)

‘ 8/6/ ZT‘

The first term is op(1) by a uniform law of large numbers for the derivative which exists by

0 -
EnREaiB,gir (xr; ﬁ) 901”) 111’11 ]EnRE 8[3’ 17“

hm EnRE

(xra/8790r MH

Assumption A.5.4 and the second term is op(1) by as the limit exists uniformly over B by
Assumption A.5.2. The final term is op(1) as § — 8y = op(1) by continuity.

To show VR, r(Bo; 0F) ~ N(0,Q), by Assumption A.5.5 we may apply Lemma E.4
with m(X;,; Bo) = Yir, Eir(xr; o, O0r) = Zir, and x, = X, in the notation of the lemma. Tt
is clear that Q := lim,,_, Eg [var (vnE, & (z+; Bo, 6or))] , exists under these conditions since
for every r, Amax (var (v/nE,m(Xir; 80))) > Amax (var (v RE,Eir (213 Bo, Oor))). W

C.2. Example 1: Conditional Edge Independent Models.

Proof of Proposition 4.1. We check the conditions of Lemma 4.1. The first condition is clear
by definition and Assumption A.7. Condition 2 is shown in Lemma E.6. We show directly
sup, ||| "Y2Ez[v(Xys; 60r)]| = Op(RY?) in Lemma E.5, which is what condition 3 is used
for in the proof of Lemma 4.1. The Lipschitz condition, condition 4, follows from a secondary

expansion and the assumption of the existence of an envelope function. That is,

27 {Vou(Xrsi 0)) — Vou(Xps; 00)} = 270 Frs (T @ (07 — 00y))

SEZ SEZ
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where F,; is a conformable matrix of derivatives evaluated at an intermediate value and
F,.; < B, which can be done by Assumption A.7.2. The Hessian condition, condition 5, hold
by the envelope condition and Chebyshev’s inequality. m

C.3. Example 2: Links and Triangles SUGM.

Proof of Proposition 4.2. We sketch the proof here for brevity, checking the conditions of
Lemma 4.1. The argument is similar to the proof of Proposition 4.1. Condition 1 requires
standard conditions for consistency: a unique maximum at 6p,., compactness which is as-
sumed, smoothness of derivatives (the moment function is analytic in parameters so this
holds), and uniform law of large numbers, all of which are shown in Chandrasekhar and
Jackson (2016), proof of Proposition 4 (in particular in proofs of Proposition D.1 which
shows identification and D.2 which shows consistency). Condition 4 requires a Lipschitz
condition, which is shown in Chandrasekhar and Jackson (2016), proof of Proposition D.2.
Condition 3(i) follows from the the proof of asymptotic normality in Chandrasekhar and
Jackson (2016) in Lemma D.4. Condition 3(ii) follows from an argument identical to that of
Lemma E.5. Since the (appropriately normalized) moment function is asymptotically nor-
mally distributed, and because the summand is just a binary variable indicating presence
or absence of a subgraph, then certainly any bth moment exists (all moments exist), so the
same argument of Lemma E.5 applies. Condition 5 follows from the fact that the moment
summand has an envelope with arbitrary moments and Chebyshev’s inequality.

The main item to check is condition 2: that the objective functions uniformly converge.
The argument is nearly identical to that in the proof of Lemma E.6. Where we then use
Lemma E.7 to control the final term, we can replace it with the computations below.

Here it is useful to write the GMM objective function, call it @ in terms of the moment
functions, call them M , since we need to only control the moment functions, as is clear by
adding and subtracting:

‘ ~

Qe (0) = Q) (9)’ = ‘M(r) (0)' My (0) — My (0)' My (9)‘

< ||8ry (0)'|| | Mr) (0) = My 0)| + | Miry (0) = My (0)'|| ||y 0
where
o~ nh‘L nhT !
My (0) = ((’;) ;{Az‘j — EgAjj}, 16l ‘Zk{AiinkAjk - EeAz‘inkAjk}> :
1<J 1<g<

To simplify notation let X;; = A;; — EA;; and X = Aijj A A — EA;jAjAjy.

The argument is identical to that in the proof of Lemma E.6, but in the final step instead
of using the envelope B we can directly use the moment summands themselves. There we
had to appeal to the random field that generated the covariates and show that under sensible

assumptions, sets that are far apart are near independent.
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In this case we can rely on computations in Chandrasekhar and Jackson (2016) that directly
show under reasonable assumptions the covariance terms are small relative to the variance
terms. By the proof of Lemma D.4 in Chandrasekhar and Jackson (2016), with Sy, the share

of links, observe that (applying Corollary D.1), we can write
on, Var (Xi;) 1, 2hr POL (1—por) o (nhL—Q) '

b ( N n) (S Xy) o (3 (Xig) + o0 (5)var (X))
<n =
ST &)

(5)" (5)"n?
Similarly, turning to St, the share of triangles,

1
@ZXU

2) i<j

1 - var (X;ik por (1 — p B
P (n) ' E Xijk >nn hr 5 n2hTEn)”) — thTOT((n)OT) 5 ) (nhT 3) )
3/ i<j<k 3 3

Then by a union bound, we can bound the order of the maximum:

P max % ZXZ'N > g <R-0 (nhL*Q)
(2) i<j
and similarly
1
P max m Z Xijk >m " <R.© (nhT_3>.
3/ i<j<k

Then for R = n*, under our assumption that
k <max{2—hp,3—hr},

we have uniform convergence of the objective function. m

C.4. Example 3: Groups Model. The proof of Proposition 4.3 is a corollary to the fol-
lowing lemma. We need to replicate the arguments from section C.1 replacing Lemma E.1
by Lemma C.2. The model satisfies Assumption (2) below by Chatterjee et al. (2010).

LeEMMA C.2. Assume (1) for all 0, € ©,, (.(0,) are q X knq matriz (or vector) valued func-
tiOTLS, Sup,. ||C7“(97“)H < Br with phmEnR[Bir] < o0, (2) fOT’ each r, Supigkn é\ir _90ir <
C(L) logn ith probability at least 1 — en™2, where L,c depend only on ©, C RF* and 1),

n

(3) ©, C [a,b)* for all v, and (4) R = O(nY) with v < 1. Then

RY2||ERG(0,)(Iy @ (6, — 00r))|, S W

with probability approaching one. Specifically the probability is at least (1 —cn™

Q)Rn.

Proof of Lemma C.2.
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Step 1: This follows from |[|-||, < ||-]|; and

N e < N SN
< wo o] Jo -
< Erlla @), VRsup [~

We have that - HC H HC H < B, and therefore

RY2||BRG(0,)(Iy @ (6, — 0o,))|| S VRsup 8 — 00, | +op(1)
r<R 0o

by assumption on the envelope functions. It suffices to control sup,<p H§ — bor H

Step 2: Observe that sup,<p Hé” — HOTH < C(L) log” with probability at least (1 —

en~2)Bn since the bound holds for each of the R (independent) terms with probability at
least 1 — en™2. This approaches one for v < 1. m
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ONLINE APPENDIX: NOT FOR PUBLICATION

APPENDIX D. SUPPLEMENTARY PROOFS FOR SECTION 3

In what follows, we let t(G) := >, AijAjx denote the number of two-stars (A;; A, =
1), and p(G) = 3", jcp<; Aij A denote the number of disjoint pairs in the graph.
LEMMA D.1. Under uniform random sampling of m out of n nodes, with m/n — ¢ and as
n — oo,

E[d(G")|G] = (v+O0(n~1))d(G) and var(d(G')|G) = O(n~1d(G))+0(n '#(G)+0(n"*p(G)).

Proof. Step 1: Let S be the set of all combinations of m vertices with o a generic element.
Then

-1
1Y " -1 g
E[d(G®)|G] = > d(o) <m> > m Z Ayj.
geS €S iINjEO
Each pair ij appears [{c € S:iANj € o} = (:1__22) times, it follows that E[d(G!%)|G] = 2= .
2 i A = W +6n))d(G).
Step 2: Use [{c€S:i1A...Nip €c}| = (:1__]2) and let e 1= Y A5, €2 := > {AijjAn ¢
ivVje{kl},~inje{kI1} },and e3 = > {AijAw: i ¢ {j k,1},j¢{k1},k#1 }. Then
€1 =2 ‘E‘7 €2 = 8t(G)7 €3 = Sp(G)7 and
1 m S n—(j+1
Bd(G)26) = 1 3 ( G+D) ) .

m? (n)m j=1 m— (.7 + 1)

Some algebra yields E[d(G!%)?|G] = + ((7: 11)) QL;E L+ 1 ((7::11))22 StgLG) +1 ((Ztll))j & SLG). Meanwhile,

we can expand the square of the mean and obtain coeflicients with the exact same summand
2

terms (E[d(G)|G])? = L (L—1> (Z” A+ AijAkl>. We have three sets of coefficients.

Working with the coeﬂiments on »; ; Aij, we have that

1<m_1>2E\_1<m—1) 2[E_ 1 (m‘l—(m‘1)2>d(e>
n—1

m(n—1) n n n n—1 m n(n—1)

= (n7'1—v?) +0(n7?)) d(G).

The second term is given by

(1(m—1)21(m—1)2> 81(G) _ 1 (1(m—1)(m—2) (m_1)2>8t(G)

m(n—-1), n\n-1 n n—1\m (n—2) n(n—1)

= (n7' (1= ¢) + 6(n™2)) 84(G).

Finally, we compute the last term (nll ((T::ll))g -

2
(7;:11) ) 8p,(1G) = 0(n"?)p(G), which com-

S|=

pletes the proof. m
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LEMMA D.2. Under uniform random sampling of m out of n nodes, with m/n — ¢ and as

n — 00,
E[d(G%)|G] = ¢ (2=¢+0(n™))d(G) and var (d(G%)|G) = O(n~d(G)+O(n " H(G)+O(n"2p(G)).

Proof. Same as previous lemma, noting each pair ij appears [{c € S:iV j € o} = 2(;__11) -
(n—2

m72) times in S. m
LEMMA D.3. Under uniform random sampling of m out of n nodes, with m/n — 1 and as

n — 00,

GIs G
faw = e o

Proof. Since the sampling probability is 1/ +o(1) for both the numerator and the denominator,

there is no bias asymptotically in the estimate of clustering. m

LEMMA D.4. Under uniform random sampling of m out of n nodes, with m/n — 1 and as

n — 0o,

PG _ 4B-2) p(G)

T(G%)  1+¢(1-9) 7(G) '
Proof. The expected number of triangles is given by E[p(GS)|G] = (3¥%(1—1)+1%+0(1))p(G)
since with probability 31/%(1 — ) a transitive triangle can be counted with two nodes being
sampled and 3 with all three being sampled.”® Meanwhile, E[7(G%)|G] = (¢(1 — )? +
321 — 1) + 3 +0(1))7(G) where the extra term comes from the fact that the exact center

of the triple in question can be selected. In turn,

p(G5) BWAL- @)+ to(l)  pl@) _ bB-20)  p(@)
7G5 T B - 0P+ —0) + o) 7(G)  1+u(l—v) 7(G)

which proves the claim. =

+o(1),

LEMMA D.5. Under uniform random sampling of m out of n nodes, with m/n — 1 and as
n — oo,

E [s (G\S) ya} = {1 ¢! ¢)1P(x|G)} s(G) +o(1)

xT

and

2 x
E[s (¢%) ] - p?+ 24 (1 52)532(1Ej;1)ww) P($|G)}S(G)+o(1),
where P (x|G) is the share of links ij that are supported by x in the underlying graph G.
Proof. Start with the star subgraph. Observe there are three types of linked pairs: i,5 € S,
i€ Sandj¢ S (orvice vesa), and 7,5 ¢ S. Obviously if neither are sampled, then observing
17 is impossible. So we need only to check the rate of correctly observing a supported link

Sdywe simply count, e.g., {3(:;_?;) + (n73)} (n)71 = % = 1/13 +o(1).

m—3 m
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when either one or both are sampled. If both are sampled, clearly support is observed. So if
only one is sampled, support is observed if and only if at least one of the supporting nodes
is sampled. Let x;; = > p AjrAjr be the number of supporting nodes of the pair ij. Then
the probability of not observing support is (1 — 1)*¥. Since sampling is random, this implies
that integrating over the distribution of the number of friends in common, the rate of support
we observe among pairs where only one node is sampled is

1-> (1-9)"P(z|G)

x
where P (z|G) is the share of links ij that are supported by z in the underlying graph G.
Putting this together we have

E[s (6%)16] P+ 21—y {1-3,. (1

V)P (lG)}
Pra(i-0)0

(G) +o(1),

which proves the result.
Next turn to the induced subgraph and note here we correctly score support if and only if

at least one of the nodes in common are also sampled. Therefore

E[s (61%) 6] = {1 -S _¢)fp(a;|c:)} s(G)+o(1)

which also proves the result. m

LEMMA D.6. Put k(1)) = ¢+1?—3. For any sequence of random graphs (G )nen satisfying,
asn — oo, d(G)/ain i>cl, do(G)/agn, LCQ, A1p, a2, € 0(n), and cy,co > 0,

(1) |d(GI5) = wd(G)| = op(1), |da(G15) = ¥2ds(G)| = op (1),
(2) [d(GS) = (1 = (1= $))d(G)| = 0p(1), |da(G*) = k() da(G)| = 0p(1).

This observation is general in the sense that it only requires that degree and the number of

second neighbors to grow sufficiently slowly, which is reasonable for realistic applications.

Proof of Lemma D.6. We show ‘d(Gs) -(1-01- w)Q)d(G)’ = op(1). The arguments for

G!¥ and dy(-) are analogous. We have already shown that E [d(GS)]G} =(1-01-9)2+
O(n™1))d(G) in Lemma D.2. Let x;; be an indicator of iVj € S. Condition on the sequence of
events &, := {d(G) € (c1a1p £ €1a1,) Nd2(G) € (c2a2, £ €2a2,)}. By assumption of growth
rates a1, and as,, we these events happen with probability approaching one,

p (|42 0:(G)

27 .,
ain a2n
Notice that the probability distribution and d(G) are both implicitly indexed by n. Then
using Chebyshev’s inequality and letting ¢ = (1 — (1 —%?) + O(n™1)),
4
Sn) < 202 var (

P( 5n)—P(;ZZAij(Xij_‘P)

i >t

<61>—>1andP<

—C1 <€2)—>1.

> €/2

> €

1
- D> Aijxij — @d(G)
i

> Zijlén

i >t

|
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where Z;; = Ai;j(xij — ¢). If we condition on a graph G € &,,

var (Z Z Zij|G> = |E (G)| var (ZU’G) + Z Z Z COV(ZZ']', ij|G),
i > iG> kAL

since var(Z;;|G) = (1 — ) and cov(xj, xi1j7|G) = ¢3(1 — 1), with the covariance terms only

entering when ij and i'j’ share a vertex. Recall that d(G) = 2|E(G)| /n, we have

p ( %Z Z Aijxij — pd(G)

for every G € &, where the constant is uniform. Notice that d(G) € (c1a1, £ €1a1,) implies

> €

sn,G) S {d@) e - 9) +da (@) 0P (1-v)

d(G)/n — 0 because by assumption ai,/n — 0. The same is true for as,/n — 0. This proves
the result.
Next we look at |da(G) = k(1)) da(G)| = op(1).

En ' S S A Akl Gl = nT L S A AGRE Iaixgelg] = k(¢)da(G).

This follows from E[x;;x;jx|G] =1 — (1 —%)*[2 — (1 — )] A similar argument to the above
completes the proof. m

LEMMA D.7. E [HTH?} T2 + 5 €0 (diy ), where

di .
§1(di, ) ! > % <Cfaz)¢T(1 —)HTTH — (1 =) /d.
=1

ST g -

—112 _ _ _
Proof. Observe that HTHF = Z?:l ZZ‘:l 7—‘1216 = Zi:(i¢>0 d;l since 7—‘1'2 — ;2 is greater than

zero exactly d; times. Note that E {Jflh ¢ S,d; > 0} is the conditional expectation of the

first negative moment of a binomial Bin(d;, ), namely®®

-1y, 7 1 & 1(d; r di—r
E[di Z¢S’di>0}:1_(1_¢)dz‘;r , Pl =)

The result follows from the fact that

1 1 A A gor 1 1 A AN b
¢di+(1w)l—(l—ﬂ})di,;r<7“>¢(l¢) _clﬁ(lw)l—(l—w)di,;?“(?“)wld))
(=9
d;
:;i—l—fu-

Summing over the ¢ nodes yields the result. m

55See, e.g., Stephan (1945).
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LemMMA D8, E [<T,T>F] = |IT))% + 2 &o(di, 1), where &(di, 1) := —d; 1 (1 — )di+L,
Proof. We can wite <T, T>F = 3 S TuTi = > idi>0 J;ldfldi = 2 idi>0 d;l. As
P (Ji > O) =1—(1—1)%*! where none of the d; neighbors nor 4 is sampled, E [<T, T>F} =
D i (A PR ACHON

LEMMA D.9. E {TT(T’LL’T)] = | TN%+ X, €1(di, ) +E3(d, ), where £3(d, 1)) is defined in the

Proof.
Proof. Notice that

T’LL’T Z ’ {L T}

—ZbﬁhﬁZZﬂ@)

>k k
S 0 Y S R
k:d >0 >k ki
‘NkﬂNl‘

2

=T+ X X Td
I>k:d;>0 k:dy >0 k&
With probability ¢)2 both k € S and [ € S, so di 'd; ! ‘Nk N Nl( =d 'd Ny N = ek, D).
With probability (1 — 1) we have (4(k,[l) and with the same probability we have (4(I, k),
where (4 is defined in Lemma D.10 below. Finally, with probability (1 — )2

Ni= | NpONy | Nig= [N ON [ [N DN | N, — [Ny AN\ /N |Ng N NG| /[N 0 NG|y 5+ (1 w)\NkUNstftfr
L = k ! k — k 1 k 1 -
SICOESEDY > > r )( t )CH) t+s)(r+s) '

Then E {T‘I(T/LL/T)} = ||T||§: + > &1(di, ) + 53(‘1_: 1)) where
0) =233 {0elh, ) 4601~ G + 60— )Gk + (1~ 9k D)}
I>k k

which completes the proof. m

LEMMA D.10. E [TT(T/LL’T)} = HT||%+Z$ Eo(dy, V) +E4(d, 0), where &4(d, V) is defined below.
Proof. We have

T(TWT) = 3 I [¢T); = 3 (ZTMTMHZZTkmz) =(1,T) +2>" > > TTn.

) >k k >k k:d>0 1

The first term has already been controlled in Lemma D.8. To compute the second term,
observe that with probability 1, & € S and therefore and in this case Y, Th;Ti; = c(k,1).
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With probability 1 — ¢, k ¢ S, and as such the conditional expectation is given by

[Nk NN\ (N — [Ng 0N\ 95 TEH(1 — ap)Ne—s =t
s t (s +t)d; ’

Gk, )= >

Nk—‘NkﬂN” ‘NkﬁNl| (
t=1 s=1

So B [ Te(T'w/'T)| = |T|[7+X; &a(di ) +€a(d, ) where &4(d, ) = 2 Xy, X {welk, 1) + (1 = )G (ks 1)}

which completes the proof. m

APPENDIX E. SUPPLEMENTARY PROOFS FOR SECTION 4

E.1. Useful Results. In what follows, for p x ¢ matrix D, let || - || := || - ||2 be the matrix

norm induced by vector norm || - ||, with || D] := max,egq-1 || Dz||.

LEMMA E.1. Assume for all 0, € ©,, (i (0,) are ¢ X kq matriz (or vector) valued functions
satisfying sup; ,. [|Cir(0r)|| < By withlimsupg_, o Enr[EB;r] < 0o and Assumption A.3.8 hold.
Then

(nR)? |Enr [Gir(8) Iy @ (B — b0,))] | = 00 (1)

for 6, on the line between 0, and 6,55

Proof of Lemma E.1. This follows from
Cir(e_r) HIq ® (5,, - GOT)

< E.gr[Bir] - Op (a,jl -V nR1+2/b) = op(1)

as the mean of the envelopes converges and the rates obey the assumed relationship. m

~

(nR)l/QEmR |: 97" - 007“

} < (Enr[Bir]) - VnRsup

r<R

LEMMA E.2. Conditions 1 and 2 of Lemma 4.1 imply sup, |0, — 6o,|| = op(1).

Proof of Lemma E.2. Arguing along the lines of Theorem 5 of Supplementary Appendix I of
Hahn and Newey (2004), among others, pickn > 0, define € := inf,<g [Q(T)(%r) — SUDy, (19,0, | >n @) ((9,,)},
and condition on the event {suprg R SUDg )@(T) (0) = Qu (0)' < %} which has probability 1 —
o(a,") by Condition 2. If we look for 6, outside an n-radius ball of the true parameter, we
have Supg, .19, g, 5 @) (Or) < SUDg, .10, g0, 59 @) (0r) T § < Qry(Bor) — % < Qry(Bor) — .
contradicting Q(T)(é\r) > @(r) (6o,), implying H@" — boy

< n for all networks. m

The next lemma is useful throughout and we make explicit the dependence on R in P(.)
and ER here.

56Each component of 0, may be at a different intermediate point.
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LeEMMA E.3 (Extended Vitali Convergence). Let {Zg : R € N} be Lk -integrable functions on
a sequence of measure spaces indexed by R. (1) Zg Y50 and (2) Zr is uniformly integrable,
supps>1 ER | Zg| - 1{|Zg| > ¢}] = 0 as ¢ — oo, imply ER [Zg] — 0.

Proof. The argument is analogous to the proofs of Theorem 10.3.5 and 10.3.6 in Dudley
(2002). Let Zr > 0 w.l.o.g. First, observe (2) implies that for every € > 0 there exists § > 0
such that for each Ap with PE(Ag) < 6, Ef [Zg-1{AR}] < ¢ for all R. To see this, by
uniform integrability, given € > 0 and pick 6 < €¢/(2K) where K is large enough such that
ER[Zr-1{Zgr > K}] < ¢/2. Then

ER[Zr-1{AR}] <ER[Zr-1{AR} - 1{Zr < K}+E"[Zr-1{ARr}-1{Zr > K}] < §+§ =€
as PR(AR) < 6. Second, given € > 0, let Ap := {Zg > €}. By (1), PE(AR) — 0 as R — oo.
As such, for R large enough P¥(AR) < ¢/(2K). Therefore ER [Zg] = Ef [Zg - 1{Zp < €}] +
ER [ZR -1 {AR}] <2. =u

LEMMA E.4. Let Y, g be a triangular array of mean-zero random variables, Z;y g == E [Yr r| X, ],
and define

Ar = VnE, [Yi;] and ¢ = /nEy, [Zi] .
If (1) supg sup, var (A\,) < Cy and (2) inf g inf, var ((;) > Co, then VnRE, g [Z; ] ~ N (0,Vz).

Proof. Identical to the proof of step 1 in “Proof that Lemma 11 of Chernozhukov et al. (2009)
applies”. m

E.2. Supplementary Proofs for Example 1.
\/% ZSEE

Proof. Let T := |Z| and define y,r = Y v(Xys;00,)/VT. We assume 3,7 has b mo-
1/b
ments, supTSREHyTTHb < o0, which will be shown below. That (EHsupT er||b> / <

LEMMA E.5. Under Assumption A.7.3, sup, v(Xys: 00r)| = Op(RYVY).

1/b
RYbsup, (E ||erHb) implies sup, y,7 = Op(R/?). Notice E [llyrr]®] =E |:||ZSU(XTS;90T)||Z7:| T2,

b] <E [(ZSB(XN))*’] Observe E {(Z%EB(XTS))”} =

E [ B(X.)'| + E [Z HjB(erj)”j} where Y y; = b. If 20=1 moments exist for the envelopes,

We need only control E [HZS v(Xrs, or)

then this can be majorized into terms of [T E[B (ij)‘;i] where §; < 2°~! by repeated appli-

cation of Holder inequalities. m

LEMMA E.6. Under Assumptions A.7 and A.6, P (supr SUPgco ‘@(T) (0) — Qu (9)‘ > 77) =

o(IE™).



ECONOMETRICS OF SAMPLED NETWORKS 8

Proof. The argument is along the lines of Lemma 2 of Hall and Horowitz (1996) and Lemma
3 of Supplementary Appendix I of Hahn and Newey (2004). We use Lemma E.7. First we use
a union bound over the R graphs and focus on 3% | P (supge@ ‘@(T) (0) (0) — Qe (9)’ > 77>.
Next, considering a given graph, we choose € > 0 such that 2¢ - sup, E[B(X,s)] < 4. Divide
© into subsets O1, ..., © /() such that [|§ — 6’| < e when 6 and ¢ are in the same subset. A
second union bound gives us Z]Ai(f 'p (supgeej ‘@(T) (0) — Qe (0)‘ > 17).

Let 0; denote a point in ©;. Noticing that,

Q) (0) = Qpy (9)‘ < ‘@(r) (6;) — Qe (67)| + ’@@«)(9) — Q) (9)) = Qu(9) + Q) (93')’
Q0 (6:) = Qo (69)| + 15 ISB(Xes) — EIB(Xo)l| + 26BB(X,,)]

IN

and

P (Sup Qi (0) — Q) (9)‘ > 77) <P <’@(r)(9j) - Q(r)(‘%)’ > 77)

0eO, -3
4P (127 S.ce (BO) ~ EB(X)| 2 ) = o2

by Lemma E.7, the result holds as R = o(|Z[*). =

LEMMA E.7. For each r, suppose {Xs : s € Z} be covariates satisfying Assumption A.6. Let
R=0 (]E]h), and let h,k,p,~, with k,p,~y defined below, satisfy h +1 < k < p/2 — vpd.

Then ¥n > 0,
> n) =o0 (|E|_1) .

S s ¢ 7S e X
Proof. The argument follows Lemma 1 of Hall and Horowitz (1996) and Lemma 2 of Supple-

mﬁxP (

> 77) =0 <|E|_k> and P (mqu

mentary Appendix I of Hahn and Newey (2004).
Step 1: By Chebyshev’s inequality

P
for 1 < m < C(p) |E| where the second inequality follows from Lemma E.8, which we can write

under Assumption A.6.>” We can bound the right hand side by 5 PC-E || X1,|[PT° m? || 72+
)
nPC-E|| X" o o, (m)?»+3 and for m = |Z|” for some v with 0 < v < 1, using the bound

S
C B[ X0 (|22 m + 2P 0 o ()75 )

’E’_l ZSEEXST

>7) <

)

0P |=P

5TWe write the proof for sup, ag, o (m) < Ca™, though the extension to sup, ag, 2 (M) =0 (mfd) is straight-
forward and will merely result in more stringent requirements on r, k, 7y, d. For Assumption A.6(ii) we have

: - =|k—yd—"e
WZ%EXST > 77) -0 (|E|dvp+k /2 |:|k yd—ry )

for af o (m) =0 (m_d_‘) =o0 (m_d) . Then the requirement is k < (p/2 + ypd) V (d + ¢€).

maX|AkP(
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sup, af, 1 (m) < Ca™ on the mixing coefficient,

=k =1
mﬁux\:\ P(‘|:| > e Xor

S 1=
> ) <O g B X (S 4 o).

We have shown that for Assumption A.6, max, |Z|* P ( > n) =0 (|E|Vpd+k*p/2) =
o (1) if ypd + k < p/2 which is the first result.

\?i| 2sez Xsr| > 77) < |E| R'max, P ( > se= Xsr
IfR=0 (]E\h), it follows that |Z| P (maxr %ZS@XST > 7]) <0 (]E]Hl) o (\ \_k) Since
h+1<k, O (\E\hH) 0 (\E\_k) =o0(1),P (maxr ‘%'ZsEEXST > 77) =o0 (]E\_l) which proves
the result. m

éZSEEXST

|~

Step 2: By a union bound |=| P (maxr

- ).

I

[1]

LEMMA E.8. Let {Xi ;e A C Zd} be a mean zero stationary random field satisfying As-

sumption A.6 and {X;j : ij € E} covariates. Then for any positive integer r and for 1 < m <

k 5
C (k) - |E|, we have E [(ZijEEX@-j) } <C(r)E \|X1Hk+5 <|E|k/2 mkd 4 \E|ka2,oo(m)m)'

Proof. The proof builds on Lahiri (1992), with two differences: the first is an extension to
mixing random fields,”® and the second is that we are interested over moments of random
variables on = as opposed to A. The Lahiri (1992) style of argument proceeds in four parts;
we include the entire argument for completeness though the key differences are in the last
two steps. First, we can control the first k£/2 terms via a standard result. This will enable
us to bound this part of the sum by a ]E]k/ 2 rate. Second, for the remaining terms, we
will divide the space into a set of all pieces with a well separated point 7 on the lattice
whose random variable X; has power 1 and is at least of distance m from any other point
in the collection, and into its complement. Third, we will control this set using the mixing
coefficient and fourth, by a counting argument we create an upper bound on the number of
points in the complement. It is useful to note that for ij € =, for 1 € A, E ||XZ]Hk <E| X"
by the assumption and stationarity. Moreover, we defined the pseudo-metric d=(ij, kl) :=
da (i, k) A da(i, 1) A da(f, k) Ada(f,1) where dy(2,y) = ||z — yl|;.
Step 1: For k = 2h, we can expand the term into a polynomial,

(ZseEXS)k - Z.?:lzal

where t = 1, ..., j is an arbitrary index of a j-tuple (s1, ..., s;) C Z and ¢(-) are coeflicients. We

X
yenes »eer8g t=1""St

can control the first k/2-tuples by a standard argument, e.g., Bhattacharya and Rao (1986),
making use of E || X;;[|* < E || X1/,

k/2 j
SN clarenay) Y E|[IX| | < CR)IEFPE|XF.
j=lai,...,a5 81,--4,85 t=1

58Hahn and Kuersteiner (2004) extend the Lahiri argument to the time series setting.
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In what follows it suffices to show for fixed j > k/2 and (o, ..., @j),

) — — 5
B[[E_ X2 < O BIXI (52 m* 4 2] a0 (m) 77 )

Step 2: Next, we create a set that counts the sites s where X has power a; = 1 and s;
is sufficiently far from the other s; in the j-tuple. Let v :=j —k/2. Weput A := {t: oy = 1}
as the set of all points that have coefficient 1. Then let 5y = |A|. This is a set that counts
the number of indices that show up exactly one time. We want to show that this set is
non-empty. Note that 1 < u < k/2. Also, since k = Z{Zl ar > Po+2(j — Bo), this means
2u < By < k and therefore (j — k/2) < By < k/2.

Then we partition the set of all j-tuples into B,, and B

C

., with In Lahiri’s notation,

,,,,,

By, = {(s1,..., 55) : ﬁ{ dz (s1,5t) = dp(is;, ks, )NAA (Js,» ks, )ADA (2,5 Us, )NdA (Ts,, 1s,) > m for somet € A}.

Now %", sums over the terms in By, and ), over the terms in By,.
Step 3: We want to control B,. Fix 7 € A. Then decompose []/_ Xgt = X, X}, with X}, =
X, and X, = H#TXO“. Then X, is a random field with respect to o (Xsl, ...,)A(sT, - ij),

St
where we use notation to indicate the omission of a term, (a,g, c) = (a,c), and X} with
respect to o (X ). These are of size j — 1 and 1, respectively. By definition the distance
between these two sets is at least m, so by applying Lin et al. (1996) and using the fact that
E[Xij Xu] < 1 Xi5ll ooy - 1 Xnall apy a%,fzq_lfp_l(dz(ij, kl)), we have

-1

. a 1— —1_
B[, Xe] | < 1B [XaX)l < C 1 Xallpogey - 1Kol ogmy b0y (m).

Taking p = k + ¢ and % = Z;Jr};, using stationarity and repeatedly applying the Holder

inequality,

B X

6/(k+6 6/(k+6
< C-l|Xall s oy | Ko | -1y r000 ) g1y 3 (1) < CBIX M 0351 (m)

. — 9
Since a1 (m) < ajp1,1 (m), ‘E [ZBm ile;ﬂ < C-E|X1)"7 121" age0 (m) ¥ .
Step 4: Finally, we control BS,. To get a (coarse) upper bound, first notice the maximum

number of powers of 1 that can be placed is 2u®. Construct a set T' C {1,...,j}, [T| = 2u
which will include all powers of one and perhaps some residual copies of terms with higher

power. Then we will simply count
B = {(51, )5 I d (s, 50) = (i Ki) A da Gl ) A (i ) A (i ) < m ¥ € r} .

It will help us to define the partners of s; as €(t) € arginf; d=(s¢, s;). Then define P(I") as
the set of partners of t € I' and put v = |[I'UP(T")|. This is the number of distinct elements

of = with power one or power greater than one whose copies form the residual members of

et 2 be the maximal number. Then k = x + 2 (j — x) . Solving this yields the result.
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I' and their partners. By definition 2u < v < 4u A j since v > |T'| and v < 2|T| if each had a
distinct partner.

We define an m-unbroken set as a collection of points in I' U P(I") for which each member
is within an m-distance under pseudo-metric d=. Put ¢ as the number of m-unbroken sets.
First, observe that there are less than |Z|? initial sites to place a seed for each of the unbroken
sets.%0 Next, we have to place each of the v — ¢ terms. For a given ij there are less than
2(2m+1)¢ elements of = within an m-distance since da (k,) Ady (1,7) Adp(k, j) Ada(l,5) < m.

An upper bound is O (m(”_q)d). Finally, we can arbitrarily place the remaining j —v elements

< |27 mv=94, The same counting exercise as in

yielding |Z]Y"Y. This gives us ‘B;;
Lahiri (1992) gives us j + ¢ — v < h and v — ¢ < k which yields |27~ m®-9d < |27 mpkd,
This concludes the proof. m

APPENDIX F. SUPPLEMENTARY DATA CATALOGUE

This appendix contains a catologue of a number of papers using network data in the
applied literature. We have included only one paper per data-set. Notice some of the publicly
available data (such as Add Health or the Karnataka villages or the Townsend Thai Data)
have been used numerous times by both the researchers who collected the data as well as
other researchers, but that is not reflected here. We do not claim that this is representative
of the entire body of work on networks, but we hope this communicates what typical applied

micro network datasets may look like, especially in development.

‘ Paper ‘ Implied Sampling Rate ‘ Note 1 ‘ Note 2
Ali and Dwyer (2009) 0.2305 Top Coding
Alatas et al. (2016) 0.683
Bandiera and Rasul (2006) 0.0753
Banerjee et al. (2013) 0.46
Cai et al. (2015) Not Enough Information Top Coding
Conley and Udry (2010) 0.25
Fafchamps and Lund (2003) 0.3 Top Coding Denominator Underestimated
Feigenberg et al. (2010) 0.003
Goeree et al. (2010) 0.77
Kinnan and Townsend (2012) 0.41
Kremer and Miguel (2007) Not Enough Information Top Coding
Leider et al. (2009a) (Dictator Game Sample) 0.71 Top Coding
Leider et al. (2009a) (Helping Game Sample) 0.46
Ligon and Schechter (2012) 0.396 Denominator Underestimated
Marmaros and Sacerdote (2006) 0.429 Denominator Underestimated
Ngatia (2011) 1

Above, “Not Enough Information” means that we were unable to determine what the likely
sampling rate was from the paper listed. “Top Coding” means that the authors limited the
number of links a node could name (typically 5, though also 8 or 10). Notice that this presents

an additional problem beyond what has been focused on in the present paper. In at least two

60We leave ourselves open to certain double-counting; the bound is coarse.
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of these papers, top coding was at 5 links and the mean number of friends in the sample was
4.8 and 4.9, indicating that the typical individual had at least 5 links and therefore sampling
in this manner generated nearly a 5-regular graph. “Denominator Underestimated” means
that we were unable to determine the number of nodes per network in the sample. Typically
in this case the authors report the size of their sample (|.S|) and then, since they are using
star sampling, the number of unique additional contacts. Using this we can compute what
is likely an extreme and crude upper bound on the sampling rate: |S| / (|S| + additional
contacts). Therefore in these cases we suspect that the true implied sampling rate is below

the one we state in the table.

APPENDIX G. OVERVIEW OF ESTIMATION ALGORITHM AND STANDARD ERRORS

We present a non-technical overview of the standard errors and estimation procedures used.
A theoretical discussion of standard error estimation is beyond the scope of this paper. Here,
we discuss standard errors and finite-sample simulation bias. A lengthier formal, technical
discussion and simulations results are available from the authors upon request. Several ap-
proaches can be used for inference: heteroskedasticity-robust, clustered, block bootstrapped,
first-stage bootstrapped, and importance sampled standard errors. Network-level inference
can be performed using heteroskedasticity-robust standard errors under cross-network in-
dependence, even in the presence of sampling. Individual-level inference under sampling
requires attention to within-network, cross-individual autocorrelation exacerbated by the re-
constructed regressor’s mismeasurement, what we call the reconstruction error. When an edge
is missing in the computation of one individual’s network statistic, that edge is also missing
for all other individuals’ network statistic computation. Clustered standard errors and their
nonparametric block bootstrap analog both account for heteroskedasticity and within-graph
autocorrelation. Additionally, a parametric bootstrap which simulates the autocorrelation
from the reconstruction error can estimate the contribution of the sampling-induced autocor-
relation to the reconstruction estimator’s variance. The parametric structure of this bootstrap
should allow these standard errors to be estimated on a smaller collection of networks than
necessary for clustered standard errors.

While the graphical reconstruction estimator is formally a “two-step” estimator, super-
consistency allows the researcher to ignore the first-stage estimation uncertainty. That said,
first-stage uncertainty can be understood using a first-stage parametric bootstrap and im-
portance sampling. The first-stage parametric bootstrap estimates the distribution of the
first-stage parameters and encompasses the following effects: sample from the observed col-
lection of networks with replacement, estimate each network’s first-stage parameters using
the observed data, simulate a new collection of observed graphs using the first-stage esti-
mates, and estimate the first-stage parameters using the simulated graphs. Repeat this pro-

cess to obtain the bootstrapped variance of the first stage estimators to determine whether
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super-consistency is justified. Importance sampling can reduce the computational burden of
bootstrapping the first-stage estimates by using the first-stage model’s likelihood to rebalance
a collection of reconstructed network statistics and greatly reduces the cost of accounting for
any first-stage variability.

With or without first-stage superconsistency, the reconstruction estimator still uses a finite
number of simulations, leaving another error term which we call the simulation error. A
regularization to estimate and subtract out the variance in the regressors due to this noise

can be employed.

APPENDIX H. DISCUSSION OF ANALYTICAL CORRECTIONS WITH REGULARIZATION
H.1. A Regularized Estimator. We show a simple example where our analytical correction
is consistent and does not require us to assume o2 — 0. In section 3, for degree and graph

2
. > 5 P Tl . e .
clustering, we have shown that § = &5 — ﬁom where ® is a deterministic function
(@) v

of sampling rate 1». We now show we can construct estimates 8%35) and 62 and therefore
develop a consistent analytical correction 8*. We present a simple example to illustrate the
argument. Our example is average degree and for simplicity assume the researcher samples
every edge independently with probability . It is easy to see E {d(é)|G} = d(G), where G

is the sampled graph. Putting v = d(G) — ¥d(G), we can analytically compute var (v|G) =
2 (1— ) d(G).

LeEMMA H.1. var (v|G) = 2n~ 1 (1 — ) d(G).

Proof. Let T = () and e index edges going from e = 1, ..., () = T. Notice average degree is

d(G) = % > e Ac. Then the v = %Ze XeAe — 1/)% > e Ae. Notice
B2y xA = B[ S+ 2, el = a0 {ox Aoty A}
= 20 'd(G) + 4n P2y Al
Meanwhile, average degree squared is (%ZQAE)Z = 4n~2 {ZAe + 226<5,A6Ae/}, which is
useful since (E [v|G])? = (w% e Ae)2 = 92d(GQ)%. Therefore,
E[0?|G] = 20n7d(G) + v {an2y _ AcAs} = 2071 (1 ¢) d(G) + ?d(G)*.
It follows that var (v|G) = 2n~ 2 (1 — ) d(G) + ¥2d(G)? — ¥2d(G)? = 2n~ 1 (1 — ) d(G),

completing the proof. m

With the analytical formula for the variance of v, we can compute 5*. Let X = ¢ -
(d(G1),...,d(GRr))" denote the scaled vector of true (unobserved) average degrees, Z :=
(d(G1), ...,d(GR)) the observed vector of sampled degrees, and V := (v1,...,v5) = Z — X.
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Then it is clear that 8* := (Z'Z — V'V) ™! Z'y is consistent for fy. By estimating ¥, :=
~ -1

plim V'V/R, we have 8* := (Z’ Z — RED> Z'y RN Bo. Under mild regularity conditions on

the growth of average degree, we may therefore estimate 5*. Estimation can be improved by

performing a bootstrap bias correction.

H.2. Numerical Evidence. Table H.1 displays simulation results for network-level regres-
sion of average degree with simulated outcomes, precisely of the form presented in Figure 7.
We choose 1 to make the expected edge count comparable to that of the induced subgraph.
The results confirm the fact that the naive estimator exhibits significant biases, the analytical

correction vastly reduces the biases but may still retain some residual bias which can further

be mitigated by applying regularization.

TABLE H.1. Bias for Network-Level Regression for Average Degree (Simu-
lated Graphs)

Edge Sampling Rate
Estimator for Regression on Avg. Degree Property (1/4)"2 (1/3)"2 (1/2)~2 (2/3)"2 1

B Naive Estimator % Bias 1361.2%  756.8% 291.4% 123.0% 0.0%

Coverage 0% 0% 0% 0% 96%
B Analytic Correction % Bias -8.7% -4.8% -2.2% -0.9% 0.0%

Coverage 39% 61% 81% 87% 95%
B Regularized Analytic Correction % Bias 0.3% 0.3% -0.2% -0.1% 0.0%
(Using Analytic Variance of Correction) Coverage 97% 96% 96% 96% 95%
B Reg. Analytic Correction, Bootstrap BC % Bias -0.4% -0.1% -0.4% -0.1% 0.0%
(Using Analytic Variance of Correction) Coverage 97% 96% 96% 96% 95%

Estimators: The naive estimator uses the subgraph generated by independently sampling edges at the given sampling rates.
The analytic correction estimator, as noted, has residual bias. The regularized analytic correction adjusts for the dispersion
term using an analytic formula for the variance of the remaining measurement error left after performing the analytic
correction, which is only correct in expectation.

Notes: The sampling rates have been chosen to be comparable with the edge count in the G® sampling simulations. Coverage
computed using bootstrapped standard errors for all estimators. R2 was set to 0.7. There were 200 simulations done using
the standard setup: homophilic networks with 6 groups, graphs with 250 nodes, and 50 graphs per regression.
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