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Learn how to see. Realize that every-
thing connects to everything else.

–Leonardo da Vinci

MINING CONNECTIONS

Connections are ubiquitous in different domains; from web pages tangled with hyperlinks, and
employees communicating by emails, to proteins and genes interacting to carry out a biological func-
tion, and neurons passing signals through synapses. My general research interest is studying inter-
connected data to draw insights from the structure and dynamics of complex systems. My short-term
goal is to design models and algorithms that integrate three principal elements in formulating and
solving real-world problems: connection, content, and time.

Content and connection are complementary information sources. For example, when investigat-
ing human trafficking activity in online escort advertisement, we want to consider indicators extracted
from the content of each ad, e.g., references to an underage victim; as well as how different ads are
connected to each other, e.g., using a shared phone number, which may reveal an organized activity.

Time is orthogonal to content and connection, as they both change over time. Moreover, con-
nections act as the infrastructure for diffusion processes. For example, consider modeling spread of
hospital-acquired infections. Given the patient records, which includes their room assignments, the
procedures they underwent, and their culture results, we can infer the potential infection propagation
routes, e.g., being in the same room at the same time. These routes form a dynamic structure, over
which we want to further model the dynamic process of spread of a disease.

APPROACH

My research methodology draws on ideas from network science, machine learning, and data
mining to aggregate connection, content, and time. Machine learning techniques mainly focus on
features of individual datapoints, whereas network science methods primarily study the connections
between them. There exist multiple lines of research in between, notably statistical relational learn-
ing subsumes connections as relational rules, and heterogeneous graph mining augments the graph
topology with meta-data for nodes and edges. However, substantial effort is still needed to enable
expressive, general, scalable, and time-dependent modeling for the complex data we encounter in
real-world settings.

As a well-studied example, consider clustering the webpages in the world-wide-web. We can
use a topic modeling algorithm to group the webpages based on the similarity of the terms they
use (content); or utilize a random walk on their hyperlinks (connection) to find closely related web-
pages, within which the random walk is more likely to be trapped. To further account for how the
web evolves (time), we can devise streaming and incremental [23] extensions which examine how
these groups merge and split over time [24], and how different webpages move between the groups
[1]. Drawing together these approaches is not straightforward [18, 22]. In the past, I have exten-
sively worked on transferring the well-studied clustering evaluation practices to network science. In
an earlier work, we reformulated the commonly-used clustering criteria in terms of the connections
[12, 13]; which became an encyclopedia article [14]. In a subsequent effort, we introduced an agree-
ment measure for a pair of clustering which can incorporate the structure [19]; see Figure 1. Our
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Figure 1: Left: A clustering agreement measure compares the pair-wise similarity of two clusterings of a same
dataset, often with the ground-truth clustering. Right: Including the connections between the data-points makes
the agreement of the first pair of clusterings stronger, since it is better aligned with the structure of the data.

formulation further generalizes the current widely-used measures and provides elegant extensions for
when groups could have overlaps [20].

My ongoing effort towards richer models for interconnected data is threefold: exploration, uni-
fication, and expansion. Exploration studies real-world data to recognize the inherent patterns, in
particular by investigating the interplay between the connections and content. Unification redefines
different classical problems for interconnected data. For example, we are formulating structural-
dependent component analysis, and joint representation learning for attributed graphs, which tie to
multiple network science tasks: including link and attribute prediction, graph summarization, node
classification, and anomaly detection. Expansion devises new tasks which arise when solving real-
world problems, such as active link inference discussed later. In the following, I elaborate on these
three directions within the context of their broader impacts.

BROADER IMPACTS

COMPUTATIONAL SOCIAL SCIENCE: Social networking sites are changing societies in ways
we do not have the tools to comprehend yet. Models which encompass content, connection, and
time enable us to gain insights into the complex dynamics of social networks – by bridging between
psychology, i.e., the study of individuals, and sociology, i.e., the study of relationships.

To this end, we recently looked at how interests of users (content) interrelates with their friend-
ships (connections) across multiple social networking sites. We developed a novel index to measure
the structural correlation between their interests [10, 11], and then studied universal patterns which
go beyond correlation [2]; see Figure 2. One of my short-term research goals is to extend the coverage
of this work, explore other universal patterns, and apply the findings to develop new techniques for
characterization, modelling, and anomaly detection in these networks. In the long term, I am inter-
ested in developing computational techniques for understanding the structure and dynamics of online
societies.

Figure 2: An example pattern, power-law relationship between the spectral radius (highest singular value of the
adjacency matrix) and triangle count (number of closed triads), observed across five social networking sites.
Each point corresponds to the connections between the users with a particular interest, e.g., Starbucks goers.
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COMBATING ONLINE HUMAN TRAFFICKING: Online advertising market provides an easy
to use and low-risk platform for human traffickers, allowing them to remain anonymous and have
broader geographic operations. Escort advertisements are growing at unprecedented scale, already
creating hundreds of millions in revenue, while a majority of sex-trafficking victims report of being
advertised online. Part of my research program is focused on developing data-driven techniques to
provide actionable intelligence to counter human trafficking.

We recently developed an active link inference method which helps an investigator to “connect
the dots” and spot an organized activity within millions of online escort advertisements [6, 7]. Fol-
lowing this, we are currently investigating different anomaly detection methods, which take a bird’s
eye view of this intertwined data to recognize different posting patterns, and spot anomalous and
suspicious behavior. We are in particular exploring recent techniques in learning low-dimensional
embeddings for nodes in a graph using deep neural networks and comparing them with the classic
spectral subspace embeddings.
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(a) A wide-spread issue:
reported human trafficking cases.

(b) A spectral subspace:
isolates a cluster of related ads.

GA
Get Ready for Love in 10 min!! - 23 ; 
Are you interested in meeting someone for a good time with no strings attached? 
There are plenty of local women seeking men in your area -- and vice versa. 
While everyone knows about dating sites, the truth is that not everyone is looking for a long-term relationship. 
Many people just want to enjoy themselves and the company of others.
Albany, Athens, Atlanta, Augusta, Brunswick, Columbus, Macon, 
Northwest Georgia, Savannah, Statesboro, Valdosta, Donetska

IL
Get Ready for Love in 10 min!! - 23 ; 
Are you interested in meeting someone for a good time with no strings attached? 
There are plenty of local women seeking men in your area -- and vice versa. 
While everyone knows about dating sites, the truth is that not everyone is looking for a long-term relationship. 
Many people just want to enjoy themselves and the company of others. 
Bloomington/Normal, Chambana, Chicago, Decatur, La Salle County, Peoria, 
Rockford, Southern Illinois, Springfield, Western Illinois

IA
Get Ready for Love in 10 min!! - 23 ; 
Are you interested in meeting someone for a good time with no strings attached? 
There are plenty of local women seeking men in your area -- and vice versa. 
While everyone knows about dating sites, the truth is that not everyone is looking for a long-term relationship. 
Many people just want to enjoy themselves and the company of others. 
Ames, Cedar Rapids, Des Moines, Dubuque, Fort Dodge, Iowa City, 
Mason City, Quad Cities, Sioux City, Southeast Iowa, Waterloo, Donetska

(c) Discovered nationwide activity:
similar ads in cities of different states.

Figure 3: Figure 3a shows the spatial distribution of online escort advertisements using a phone number asso-
ciated to a human trafficker, posted only in a three months period on one of the primary hubs for escort ads.
Figure 3b presents a spectral embedding of about 4 million advertisements from the same website. Figure 3c
shows the three advertisements from the spotted microcluster of Figure 3b which exhibit suspicious behavior.

EDUCATIONAL DATA MINING: There is a growing number of courses delivered using e-learning
environments. Discussion forums within these environments provide the basis for collaborative learn-
ing. Manually evaluating the participation of students in these forums is a challenge, considering that
current systems do not provide the necessary tools for such analysis.

In a previous work, we demonstrated the usefulness of network science techniques in monitoring
the engagement level of students in online courses [15, 9]. We modeled the interactions between
the students and the terms used in their communications as two coupled networks which are both
automatically extracted from the discussion forums. We then analyzed these networks to rank the
participation of students, group the collaborating students, and organize the terms used in their dis-
cussion topics. Our analysis enables the instructor to spot changes and make proper recommendation
to the students, throughout the course. This work was featured in the SIGKDD Explorations newslet-
ter [16]. Proper analysis of educational data could have a substantial effect on the effective delivery
of online courses and shape the future of education. Motivated by this impact, a part of my future
research plan is to contribute to educational data analysis.
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Figure 4: Monitoring changes in the student collaborative groups over time. One could observe, from left to
right, how the Cyan group first looses some of its members and then splits in the final time stamp.

CONCLUSION

I believe that interconnected data analysis holds the key to understanding our world, which is
becoming more connected every day. This analysis provides the much needed tools to study today’s
phenomena, e.g., online societies; and enables us to address the world’s emerging problems, e.g.,
online human trafficking. My approach for interconnected data analysis brings network science,
machine learning, and data mining together, leads to advances in these fields, and fills the gap in
between. I am motivated by the social impacts of this research, as well as its prospect to advance the
scientific methodologies we use to study our world.
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