DISCOVERY ANALYTICS

Portfolio Mining

Krishna P.C. Madhavan, Mihaela
Vorvoreanu, and Niklas Elmqvist,

Purdue University

Aditya Johri, Naren Ramakrishnan,
and G. Alan Wang, Virginia Tech

Ann McKenna, Arizona State University

=0 1= O S O O O
- T 1]

Portfolio mining facilitates the creation of actionable knowledge,
catalyzes innovations, and sustains research communities.

overnmental invest-
ments in science,
engineering, and educa-
tion are key enablers to
social and economic well-being and
global competitiveness. In the US,
key grant-making bodies such as the
National Science Foundation (NSF), the
National Institutes of Health (NIH), and
the National Institute of Standards and
Technology (NIST) meet this need.

Members of these organizations, in
collaboration with members of other
agencies and of the scientific commu-
nity, make decisions about who and
what to fund. In recent years, federal
investments in R&D have exceeded
USS140 billion annually (www.nsf.
gov/statistics/infbrief/nsf10327). The
NSF alone receives more than 50,000
proposals and makes more than
10,000 research awards each year
(www.nsf.gov/about/budget/fy2013/
pdf/04_fy2013.pdf).

Given this vast enterprise, it
becomes extremely difficult for an
organization, let alone an individual,
to derive any meaningful insights into
the nature of these investments. Fur-

0018-9162/12/$31.00 © 2012 IEEE

thermore, because of the unintended
consequences of investments and the
nonlinear path of scientific research,
the impact of the original investments
that enable future discoveries is hard
to ascertain. Given the difficulty of
quantifying the benefits of scientific
investments, criticism of research
investments is common (Y. Doz,
J. Santos, and P. Williamson, From
Global to Metanational: How Compa-
nies Win in the Knowledge Economy,
Harvard Business School Press, 2001).

Enabling federal agencies to
understand their R&D investments in
meaningful ways is not only critical to
setting policy for scientific progress, it
also helps reassure an electorate about
the proper stewardship of their tax
dollars. More fundamentally, there is a
need to understand federal investment
portfolios—that is, to treat the entire
discovery enterprise and associated
work as a single data ecosystem for the
advancement of science and learning.

PORTFOLIO MINING
Portfolio managers at federal
institutions receive a large number
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of proposals on a daily basis that
they must review and then decide to
fund or decline. Simultaneously, they
receive a massive influx of reports
from the projects that they manage,
usually containing information about
potentially new and exciting research
activities and results. In addition,
portfolio managers are tasked with
presenting complex, detailed analy-
ses of their work to management and
government oversight bodies that
can be extremely time-consuming to
conduct.

In November 2010, a subcommittee
of the NSF Computer and Information
Science and Engineering (CISE)/Social,
Behavioral, and Economic Sciences
(SBE) Advisory Committee released a
report titled Discovery in a Research
Portfolio: Tools for Structuring, Ana-
lyzing, Visualizing, and Interacting
with Proposal and Award Portfolios.
This report pointed to the tremen-
dous manual work performed by NSF
program officers in managing propos-
als and awards, and highlighted the
need for advanced data mining and
visualization techniques to synthesize
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and organize knowledge in ways that
increase productivity and identify
innovations early.

Portfolio mining allows for a com-
prehensive understanding of how
funding decisions have resulted in
the current research ecology.

Numerous national and interna-
tional projects seek to undertake
portfolio mining on a massive scale.
For example, Science and Technology
for America’s Reinvestment (STAR)
Metrics (www.starmetrics.nih.gov)
is a collaborative effort of multiple
US federal agencies and academic
institutions to “build a scientific data
infrastructure that brings together
inputs, outputs, and outcomes from
a variety of sources in an open as
fashion as possible” (J. Lane and
S. Bertuzzi, “Measuring the Results of
Science Investments,” Science, 11 Feb.
2011, pp. 678-680).

However, managers will not use
a central portfolio mining resource
just because it is available (J. Bra-
zelton and G.A. Gorry, “Creating a
Knowledge-Sharing Community:
If You Build It, Will They Come?,”
Comm. ACM, Feb. 2003, pp. 23-25).
Large-scale, national efforts such as
STAR Metrics are needed, but they are
also inherently slow. As these projects
ramp up, the data deluge will feed a
vicious cycle of data complexity and
bloat.

While STAR Metrics and other
similar efforts use data mining and
visualization tools to shed light on sci-
entific investments at a national level,
the sheer scope of such efforts makes
it difficult to obtain immediately rel-
evant results. Program managers
need tools that optimize the pro-
cess of deriving insights about prior
investments and expedite the diffu-
sion of key findings and new ideas to
alarge community of researchers and
observers.

Portfolio mining platforms and
tools also have a critical community
building and capacity expansion
aspect. Much of the knowledge gen-
erated by communities such as those
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fostered through any of the NSF
programs is contained within their
networks and social structures. Visu-
ally understanding and characterizing
these connections helps to make the
hidden knowledge structures useful
and beneficial to the community.

DIA2

In October 2011, a joint collabo-
ration of Purdue University, Virginia
Tech, Arizona State University, and
Stanford University initiated a new
project—Deep Insights Anytime, Any-
where (DIA2)—that offers a potential
model for advancing the state of the
art of portfolio management and the
rapid prototyping of associated tools.

Portfolio mining platforms
and tools have a critical

community building and
capacity expansion aspect.

Funded by the NSF’s Education
and Human Resources (EHR) direc-
torate, this Web-based knowledge
mining and interactive visualization
platform is designed to be a central
resource for the science, technology,
engineering, and mathematics (STEM)
education community. Although
DIA2’s main focus is on the set of
projects funded by the Transforming
Undergraduate Education in STEM
(TUES) and predecessor programs,
its approaches are generalizable to
the entire NSF. The project’s guiding
vision is to fundamentally change the
way NSF portfolio managers access
and utilize the results of years of
research investments.

Traditionally, portfolio manage-
ment platforms have emphasized the
computational aspects of the work
rather than the requirements of actual
users. What makes DIA2 unique is its
emphasis on the stakeholders that
would use such a system on a daily
basis—namely, program assistants,

program officers, and administrators.

To inform its design decisions, the
DIA2 team is actively engaging its user
base. In the project’s first year, 31 EHR
program officers, science assistants,
administrators, and technical staff
participated in seven focus groups.
Eight hours of one-on-one interviews
supplemented these sessions. The
DIA2 team also distributed diaries
to the participants to capture data as
they were working. Based on these
user studies and analyses of the cap-
tured data, the DIA2 team prepared
a set of typical user personas and
mapped specific design requirements
to their needs.

In collaboration with the IT staff,
the DIA2 team designed an inno-
vative, low-footprint, high-density
hardware stack and deployed it
within the NSF network. Due to pri-
vacy and legal constraints, the team
was not permitted to access the actual
datasets that would underlie the port-
folio mining system. Instead, using
provided metadata, it created a data-
base schema and populated it with a
combination of publicly available data
and dummy datasets.

Working closely with this
metadata-based schema and guided
by the results of its in-depth user
studies, the DIA2 set about creat-
ing an interactive, dashboard-based
framework that is accessible only by
approved NSF staff. This easy-to-use
framework is designed to let program
managers drag and drop widgets and
customize the views of their portfolio.

PORTFOLIO ANALYTICS

As DIA2 evolves, the development
team envisions four broad classes
of analytics capabilities: search and
visualization, community and collab-
oration analysis, temporal modeling,
and investment analysis.

Search and visualization

DIA2 provides basic, on-demand
search and visualization capability to
NSF program officers (or any inter-
ested user with access privileges).




As Figure 1 shows, a search of pub-
licly available data about a principal
investigator (PI) reveals basic aggre-
gated as well as detailed information:
aggregate awards received by the
PI (window 1), award amounts (2),
collaboration networks (3), tags
denoting research areas (4), and a
complete list of currently active and
completed awards (5). The user can
dive as deep into the data as desired,
controlling the entire exploration pro-
cess along the way.

Community and collaboration
analysis

DIA?2 enables NSF program officers
and other staff to obtain a systems-
level view of the collaboration that
occurs within their portfolio. Figure 2
illustrates the type of interactive, on-
demand analyses that the system
provides—in this case, an analysis
of awards made by the NSF’s CCLI
(Course, Curriculum, and Laboratory
Improvement) program.

By changing the resolution of
such collaboration graphs—that is,
by adjusting the scope and range of
the data—users can gain new insights
into the often complex hidden struc-
tures that exist within a knowledge
community.

Temporal modeling

Temporal modeling aims to under-
stand the evolution of topics (in award
abstracts) over time and visualize
them longitudinally for important
trends. It is likely that these trends
are not independent but rather
correlated—for example, funding for
one area could potentially be at the
expense of another. Toward this end,
the DIA2 team is exploring correlated
topic models but, rather than using
predefined structures, is characteriz-
ing the correlation structures implicit
in the data and designing algorithms
that model these structures.

One interesting aspect of topic
evolution is how topics subdivide or
coalesce over time. There could be
multiple explanations for such topic
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Figure 1. Search and visualization in DIA2. A search of publicly available data about
a principal investigator reveals numerous insights. The user can dive as deep into the
data as desired, controlling the entire exploration process along the way.
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Figure 2. Community and collaboration analysis in DIA2. Example of interactive, on-
demand analysis of the collaboration network among recipients of awards made by
the NSF’s CCLI (Course, Curriculum, and Laboratory Improvement) program.

regroupings in the NSF—for example,
programs become specialized, alter
their focus due to funding changes, or
become absorbed by new programs
that cover the same area. The goal is
to capture such trends computation-
ally so that an NSF portfolio manager

would be able to inspect the results
and reason whether they are con-
sistent with programmatic changes
or represent a shift in the research
marketplace.

The DIA2 team is also approaching
topic evolution from the perspec-
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Figure 3 Data mining for investment analysis. (a) Evaluating the impact of the discovery of the tumor necrosis factor (TNF) on the
drug industry. (Source: J. Lane and S. Bertuzzi, “Measuring the Results of Science Investments,” Science, 11 Feb. 2011, pp. 678-680.
Reprinted with permission.) (b) “Tire tracks” model of university-industry R&D-product reinforcements. (Source: National Research
Council (NRC) Computer Science and Telecommunications Board, Continuing Innovation in Information Technology, National

Academies Press, 2012. Reprinted with permission.)
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tive of time-series segmentation.
For instance, given a 10-year time
course of projects, which years were
the important transition points?

COMPUTER

Do these points correspond to the
creation of a new program, the com-
munity gathering around a research
methodology, or important changes

in administration? Typical time-series
segmentation analyses focus on a
single time series, whereas program
managers are interested in analyzing




a broad collection of abstracts and
other information over time.

Investment analysis

Ultimately, one of the greatest ben-
efits of data mining is providing “big
picture” summaries of portfolios and
their impact as a function of invest-
ments made over time. In Figure 3a,
for example, mining patent data can
yield insights into the impact of the
discovery of the tumor necrosis factor
(TNF), a class of cell signaling mole-
cules responsible for programmed cell
death (apoptosos), on the drug indus-
try. Figure 3b illustrates the popular
“tire tracks” model, used to capture
mutually reinforcing developments
between university R&D, industrial
R&D, and industrial growth.

Automatically extracting such
summaries is a promising area of
research that DIA2 hopes to leverage
in the near future.

y enabling principal investi-

gators, program managers,

and administrators to inter-
actively synthesize, mine, and
visualize data, portfolio mining
facilitates the creation of actionable
knowledge, catalyzes innovations,
and sustains research communities.
The DIA2 team envisions the frame-
work eventually becoming a central
resource for the entire STEM edu-
cation community. Work is already
underway to systematically bring to
light knowledge artifacts extracted
from data and enable users to com-
ment on and critique them through
Web-based tools.
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