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Report on Scientific Progress
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1 Foreword

This report details progress during the third year of proposal number 62389-CS-YIP.
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2 Statement of problem studied

For this project we proposed a statistical analysis and data collection framework to identify
actors in social media networks who are likely to engage in non-normative or deviant behavior
(specifically, drunk driving or use of marijuana) or have a non-normative attribute (specifically,
being obese). More specifically, we use theoretical paradigms to understand the factors associated
with disclosure of deviant or stigmatizing behavior. We combine these theoretical paradigms
with statistical tools developed for data collected in open, unstructured environments.

In the first period our work focused on developing scalable data collection infrastructure.
The second period brought changes in Twitter data access policies which required us to revise
some work during the first period. Nonetheless, we were able to build on the work from the first
period to begin examining several non-normative outcomes. We also continued exploring the
temporal dynamics of the conversation structure on Twitter using newly developed methods for
continuous-time network data. We also further explored sampling techniques that are relevant
for gathering data in environment, such as Twitter, that do not have a readily available sampling
frame. This paper will appear in the Proceedings of the National Academy of Science. We further
examined a new way to model network structure that is particularly relevant for large, sparse
graphs like Twitter.



3 Summary of important results

In the following sections we detail our main results.

e Continuous-time temporal structure Relational event data, which consist of events involv-
ing pairs of actors over time, are now commonly available at the finest of temporal resolu-
tions. Existing continuous-time methods for modeling such data are based on point pro-
cesses and directly model interaction “contagion,” whereby one interaction increases the
propensity of future interactions among actors, often as dictated by some latent variable
structure. In this article, we present an alternative approach to using temporal-relational
point process models for continuous-time event data. We characterize interactions between
a pair of actors as either spurious or that resulting from an underlying, persistent connec-
tion in a latent social network. We argue that consistent deviations from expected behavior,
rather than solely high frequency counts, are crucial for identifying well-established under-
lying social relationships. To explore these latent network structures in two contexts: one
comprising of college students and another involving barn swallows.

Analyses of relational event data typically involve representing interactions in data struc-
tures congruent with existing discrete-time dynamic social network models. To mirror
the form of traditional survey network data, interactions are commonly aggregated into
a series of weighted adjacency matrices, also called sociomatrices, whose elements repre-
sent the number of interactions between each pair of actors within fixed time intervals.
Taken together, the sequence of adjacency matrices can be viewed as a weighted network
which evolves in discrete-time. Inference on discrete-time dynamic networks is typically
performed using models that characterize the manner in which dyadic interactions change
from one time interval to the next, often assuming a Markov process whereby the network
at time ¢ only depends on its past states through the network at time t — 1.

One issue with the aforementioned aggregation approach is the implicit assumption that
unobserved meaningful social (network) relations are easily ascertained from the observed
noisy interaction data. The aggregation methods are designed for scenarios in which the
data contain complete network information, consisting of the strength of each dyad relation.
However, continuous-time interaction data consists only of measurements when individuals
interact, and the absence of interaction should not be taken an explicit declaration of no
relationship. More generally, interaction counts between dyads should not necessarily be
taken as a direct measure of the strength of the underlying dyad relationship. Consider
call records in which actor A may call actor B multiple times per week and call actor C on
Sunday morning once a month. From our perspective, both of these call patterns may indi-
cate strong relations between actor A and the others. Actor B may, for example, represent
a roommate, whereas actor C may represent actor A’s grandparent. Although communi-
cation with the grandparent is relatively infrequent compared to the communication with
the roommate, the relationship between the actor A and his/her grandparent should be
classified as strong and significant.

Another key drawback of performing discrete-time data aggregation when modeling continuous-
time interaction data is that the time intervals are often chosen arbitrarily and conclusions
can be greatly impacted by these choices. In addition, the temporal dynamics of the in-
teractions are possibly lost in the aggregation process depending on the length of the time



interval. Consider Figure [1) for example, where proximity data from a barn swallow study
has been aggregated over each day. By aggregating to the level of the day we preclude the
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Figure 1: Daily snapshots of aggregated barn swallow interactions. Nodes are colored by sex (females
red; males blue) and edges widths are proportional to the number of interactions between each pair. Birds
deemed to be unmonitored on a given day are shown in white.

possibility of capturing intricate within-day social dynamics. While smaller time intervals
are able to capture more of these dynamics, models with Markov structure may be inap-
propriate for modeling the resulting series of weighted networks. Conditional dependence
among behavior across time would then be more likely to span multiple intervals. Return-
ing to the example of call records, an assumption of Markovian dynamics for summaries of
behavior at, for example, an hourly level would be unsuitable since associated individuals
are unlikely to call each other on such a frequent basis.

We propose a continuous-time approach to modeling relational event data that explic-
itly separates interactions from underlying social relations. Specifically, we conceptualize
continuous-time interaction data as representing manifestations of latent network structure.
The model we propose possesses two distinctive properties. First, rather than viewing the
data as direct observations of the network of interest, we assume observed interactions
arise from a point processes with propensity influenced by the latent network structure. It
is the dynamics of this underlying social network that we argue is typically most informative
about population social structure and of direct interest to researchers. Second, we avoid de-
cisions on temporal resolution by modeling both the observed interactions and dynamics
of the latent network structure in continuous-time. The statistical challenge, therefore, is
to infer the underlying network structure and its evolution through time. In this paper
we assume interactions and connection in the latent network are undirected, although our
methods could readily be extended to handle directed interactions and networks.

e Sampling based on networks. Respondent-driven sampling (RDS) is a network-based
form of chain-referral sampling used to estimate attributes of populations that are difficult
to access using standard survey tools. Although it has grown quickly in popularity since
its introduction, the statistical properties of RDS estimates remain elusive. In particular, the
sampling variability of these estimates has been shown to be much higher than previously
acknowledged, and even methods designed to account for RDS result in misleadingly nar-
row confidence intervals. In this paper, we introduce a tree bootstrap method for estimating
uncertainty in RDS estimates based on resampling recruitment trees. We use simulations
from known social networks to show that the tree bootstrap method not only outperforms
existing methods but also captures the high variability of RDS, even in extreme cases with
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Figure 2: (a) Example of an RDS recruitment tree, and (b) a resample taken from it by the tree bootstrap method.
Individuals are shaded according to their attribute value.

high design effects. We also apply the method to data from injecting drug users in Ukraine.
Unlike other methods, the tree bootstrap depends only on the structure of the sampled
recruitment trees, not on the attributes being measured on the respondents, so correlations
between attributes can be estimated as well as variability. Our results suggest that it is
possible to accurately assess the high level of uncertainty inherent in RDS.

Our method is essentially a multilevel bootstrap procedure applied within the hierarchical
framework of the RDS recruitment trees. To draw a bootstrap sample from a set of ob-
served trees, the initial step is to resample with replacement from the seeds of the trees.
Next, from each of those seeds we resample with replacement from their recruits, creating
the second level of the bootstrap sample trees. From each of these new recruits we then
resample with replacement from their recruits to create a third level. This process continues
iteratively until no further recruits are available. From the resulting bootstrap sample trees,
any statistic of interest, such as the Volz-Heckathorn estimator, can be computed. By taking
multiple bootstrap samples, the sampling distribution of the statistic can then be estimated
from the observed RDS trees in a way that respects the dependence within the sample. This
is similar to other well-known techniques for resampling from correlated data, such as the
block bootstrap methods for time series or spatial data, except that in our case the structure
of the dependence comes from the RDS recruitment process instead of proximity in time or
space. We note that due to the asymmetries of the observed RDS trees, the tree bootstrap
produces resamples that vary in size. In order to alleviate any bias that may result from
this, any inference based upon the bootstrap distribution of a statistic should be weighted
by the effective relative sample sizes (e.g., }_; 1/d; for the Volz-Heckathorn estimator).

Figure P(b) shows an example of a bootstrap sample drawn from the observed trees in Fig-
ure 2(a). Note that seed 2 was selected twice in the initial resampling step while seed 3
was not selected, but the resampled trees resulting from the two copies of seed 2 are quite
different due to the further recruits that were selected in later steps. Also note that while
the individuals are shaded according to their attribute value, these values do not affect
the resampling procedure. However, variablity in the sampling distribution of statistics
involving the attribute values will be represented in the changing structure of the resam-
pled bootstrap trees. In fact, we can see from this example that the substantial attribute



homophily observed in Figure [(a) will result in a higher degree of variability in attribute
statistics when using the tree bootstrap method than we would expect if we used a standard
bootstrap method.

e Modeling large, sparse graphs. Many existing statistical and machine learning tools for
social network analysis focus on a single level of analysis. Methods designed for clustering
optimize a global partition of the graph, whereas projection based approaches (e.g. the
latent space model in the statistics literature) represent in rich detail the roles of individu-
als. Many pertinent questions in sociology and economics, however, span multiple scales
of analysis. Further, many questions involve comparisons across disconnected graphs that
will, inevitably be of different sizes, either due to missing data or the inherent heterogene-
ity in real-world networks. We propose a class of network models that represent network
structure on multiple scales and facilitate comparison across graphs with different num-
bers of individuals. These models differentially invest modeling effort within subgraphs
of high density, often termed communities, while maintaining a parsimonious structure
between said subgraphs. We show that our model class is projective, highlighting an on-
going discussion in the social network modeling literature on the dependence of inference
paradigms on the size of the observed graph.

we propose a multiresolution model for capturing heterogeneous, complex structure in
social networks that exhibit strong community structure. Our modeling framework decom-
poses network structure into a component that describes between-community relations,
i.e. relations between actors belonging to different communities, and another component
describing within-community relations. The proposed framework has two distinct advan-
tages over existing methods. First, our framework is that it is able to accommodate a wide
variety of models for between- and within-community relations. This feature allows the
model to be tailored to reflect different scientific questions that arise when exploring the
behavior within and across these communities. The second advantage of our model is
that it balances parsimony with model richness by selectively directing modeling efforts
towards representing interesting, relevant network structure. Typically, this structure is
found within actors” local communities. In such cases, we can exert the most modeling
effort (i.e. model complexity and computational effort) within dense pockets, where we
expect the most complex dependence structure, and use a parsimonious model to capture
between community patterns. A similar approach has been adopted in spatial statistics
where locations are partitioned into disjoint dependence neighborhoods. Compared to
popular network models that capture global structure, our approach can provide increased
resolution on intricate structure within communities. Furthermore, our model is able to ap-
portion little effort to modeling simple structure, resulting in a model that is substantially
less complex than existing models focused on local structure for networks, even with only
a few hundred actors.

3.1 Student support and engagement

As described in our proposal we hold regular group meetings with all key personnel and paid
and unpaid graduate and undergraduate students throughout the duration of the project. We
have continued these meetings over the past year, with a notable increase in undergraduate par-
ticipation. We have established a “mentoring ladder” where we assign undergraduate students



to work on projects in teams with graduate students under our supervision. This provides un-
dergraduates exposure to research while also allowing the graduate students to gain experience
managing projects and mentoring junior scholars. We plan to continue these working group
meetings along with our additional bi-weekly PI only meetings and our bi-weekly one-on-one
meetings with graduate and undergraduate students.

3.2 Dissemination

Along with the papers and conference presentations listed in the report, we would like to high-
light a few key dissemination activities. Members of the project team gave presentations at
the Population Association of American Annual Meetings, the Joint Statistical Meetings and the
American Sociological Association annual meetings.
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