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Abstract

With the rapid expansion of scientific research, the ability to ef-

fectively find or integrate new domain knowledge in the sciences
is proving increasingly difficult. The development of methods
and tools for assisting researchers to effectively extract prob-
lem-oriented knowledge from heterogeneous and massive infor-
mation sources, and for using this knowledge in problem-solving
is one of the most fundamental research directions for the infor-
mation and computer sciences today. There is a need for new
tools to support more precise identification of relevant research
articles and provide visual clues regarding relationships among
the document sets. We present the Telemakus system in which
aggregated citation information and extracted research findings
are displayed in a schema-based document surrogate and an in-
teractive mapping tool provides graphical displays of research
inter-relationships from documents across a domain. This sys-
tem is an innovative approach to creating useful and precise
document surrogates and may re-conceptualize the way we cur-
rently represent, retrieve, and assimilate research findings from
the published literature.
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Introduction

Biomedical researchers are increasingly in need of information
systems that actually extract desired facts and answer questions.
A researcher will often have an information need that could be
expressed as, "Has anyone studied the relationship between con-
cept A and concept B (e.g., caloric restriction and cancer)? If so,
what type of animal was used, what type of experiments were
done and what were the findings?" A successful response to a
query of this type is extremely difficult in traditional information
retrieval (IR) systems. Typically, IR systems operate using a
standard query-retrieval model, in which a user describes a need
for information with a set of query words and the IR system sup-
plies a list of potentially relevant documents within the searched
collection. The returned document list is usually the result of a
comparison of the user's query words to certain selected frag-
ments of the original document—e.g., title, abstract, key-
words—that are presumed to represent a document's content.
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These fragments, however, do not necessarily serve as either
summaries or surrogates for document content. Titles do not
completely convey content and abstracts, though indicative of
content, are not fully informative. The problems of indexing [11],
indexer-indexer inconsistency [2] and capturing the "aboutness"
of a document [3] have been discussed extensively in the litera-
ture. Biomedical researchers need a system that will produce a
coherent, but brief, document representation that provides a
"window" into the original document. They do not have the time
to retrieve whole documents that must be read through to find the
(potentially) desired information. Also, as the numbers of bio-
medical publications increase, so do the number of documents
that match a user's query; as the retrieval list lengthens, the abil-
ity to effectively find or integrate new domain knowledge in the
sciences can become increasingly difficult.

In addition to these issues, biomedical researchers are in need of
retrieval systems that will help them synthesize information ex-
tracted from multiple documents to provide an overview of a
subject or to identify new relationships between facts and syn-
thesize new knowledge [4]. When reviewing the research litera-
ture, researchers typically focus first on the research findings as
reported in the data tables and figures—a hallmark of all reports
of original scientific research. However, none of the current ma-
jor bibliographic databases provide access to the content of the
legends from the tables and figures, either directly by listing
them or indirectly by facilitating searches of keywords in the
legends. A system that allows researchers to quickly review re-
trieved results for research methods and findings or to quickly
view the relationships among the documents in the document set
would enable scientists to keep abreast of published findings in
their direct area of interest, as well as the crossover topics of im-
portance to their field.

It may seem obvious, then, that representing documents by sum-
marizing their content would enable both a reduction in user
time needed to review a lengthy retrieval list and more efficient-
ly focus the user's query so the list will contain fewer documents
for scientists to read. Numerous approaches to the challenge of
producing document surrogates have been explored, including
linguistic approaches, such as discourse structure [5], lexical co-
hesion [6] and lexical chains [7]; statistical approaches, such as
maximal marginal relevance [8]; or combinations of the two [9].
All vary in deciding which components of the text are most use-
ful, what level of granularity is most representative of content
and how the document summary interface is represented.



In an aptly titled report, "Discovering the information that is lost
in our databases: Why bother storing data if you can't find the in-
formation?" Bruza and Proper emphasize that providing smooth
access paths for retrieving stored information is at least as im-
portant as ensuring integrity of the stored information [10]. Stan-
dard access approaches, discussed above, fall short of providing
access to the data within the content.

Here we present an innovative system in development at the
University of Washington for accessing the data within research
documents. Telemakus (http://www.telemakus.net/) is unique in
combining document surrogates with interactive concept maps
of linked relationships across groups of research reports. Docu-
ment surrogates present aggregated citation information, re-
search methods and research findings in a conceptual schema
interface, enabling users to rapidly access and review biomedical
literature.

Background

The unique strength of the Telemakus system lies in the combi-
nation of document surrogates with interactive maps of linked
relationships across groups of research reports. The system can
be divided into three integrated components to retrieve, display
and summarize biomedical research reports across a domain: 1)
a Research Report Schema containing research methods and
findings extracted from original documents presented in a con-
sistent, coherent and structured schema format that functions as
a document; 2) Research Concept and Relationship Extraction
incorporating controlled vocabulary to index the research find-
ings extracted from data tables and figures; and 3) a Visual Ex-
ploration Interface providing a dynamic, graphical map of
research findings. Each component is detailed below.

Research Report Schema as Document Surrogates

Research papers have a highly predictable structure [11,12], in-
cluding typical structural elements such as "abstract", "back-
ground”, "purpose”, "methods”, "materials", "results” and
"discussion." The Telemakus information extraction (IE) system
leverages this predictable structure of research reports and ana-
lyzes the full-text document in order to extract pre-defined ele-
ments within the Materials, Methods and Results (including the
tables and figures) sections.

The document surrogate includes: standard bibliographic infor-
mation (author, title, journal), research design and methods in-
formation (age, sex, number of subjects, pre-treatment and
treatment regimen, organism and source of organism) and re-
search findings derived from data tables and figures. The layout
of the document surrogate schema or template is based on the ap-
plication of schema theory to scientific research (e.g., schematic
representation of psychological reports [13], clinical trials [14]
and superstructure and predictability of text [15]). The Tele-
makus system has extended the schema to creating surrogates of
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biological research reports with representations of research
methods and findings [16,17].
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Figure 1 - Populated schema for a retrieved document

A schema-based document template is populated with data ex-
tracted for each field, as in Fig. 1. The schema provides a consis-
tent roadmap for users to read and browse through numerous
research reports. The interface serves as a search tool as well as
provides links to full-text (if available) and the actual tables and
figures. Research findings can be searched directly from the
schema, offering a rapid way of following research connections
through the database. It is also possible to search on other IE el-
ements (abstract, keywords) that are stored in the database but
not displayed in the schema.

Research Concept and Relationship Extraction

A document's tables and figures are the one place where re-
searchers unambiguously present their research findings. Re-
searchers often initially focus on the data found within tables and
figures (sometimes before or instead of reading the article). Ex-
tracting the headings and providing linked research concepts
mimics a researcher's traditional approach to reading the re-
search literature [18]. Telemakus uses research concepts and
their relationships—typically linked together as pairs (the x-y
axes of the tables and graphs)—to represent a document's con-
tents, providing a means of reviewing concepts studied both
within and across a set of retrieved documents.

We use the Unified Medical Language System Metathesaurus
(UMLS META) as the basis for controlling concept vocabulary
throughout the database. META is a database of information on
concepts that appear in one or more of a number of different con-
trolled vocabularies and classifications, providing a uniform, in-
tegrated distribution format from over 95 biomedical
vocabularies and classifications [19]. A research concept identi-
fied in a document's data tables and figures is mapped to its
META preferred term, along with its synonyms, semantic type
(e.g., Disease or Syndrome), broader and narrower terms and




Unique Identifier (used for future automated updates of the the-
saurus). An example of a source figure and its extracted concepts
and relationships is shown in Fig. 2.
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Figure Heading: "The relationship between insulin infusion
rate (1IR) and visceral fat (VF). Points presenting the 4 ad
libitum (AL), I8 AL, and 18 caloric restricted (CR) rats."
Extracted Research Concepts & Relationships:

insulin infusion rate - visceral fat

insulin infusion rate - ad libitum

insulin infusion rate - caloric restriction

visceral fat - ad libitum

visceral fat - caloric restriction

Figure 2 - Research concept and relationship extraction

Visual Exploration Interface

There is a growing body of work (e.g., [20,21]) related to map-
ping metaphors and visualizing large document sets and data-
base search results to provide the user with the ability to
visualize relationships among documents and their contents. In
addition, several tools have been developed that graphically
present inter-document relationships, most commonly using
some form of link-node diagram [22].

Concept mapping is a technique for representing knowledge
graphically through networks of concepts. Such networks con-
sist of nodes (points) and links (arcs/edges). Nodes represent
concepts and links represent connections between concepts.
Concept mapping has been used for a variety .of purposes, such
as designing a complex structure, communicating complicated
ideas and, in the Telemakus system, to demonstrate connections
among ideas.

While the schema acts as a surrogate for individual documents
in a retrieval set, the Visual Exploration Interface provides a dy-
namic map of research findings of the relationships between re-
search concepts across a set of documents. Users can "browse"
documents to answer a question such as "Has a statistically sig-
nificant relationship ever been reported in any animal model be-
tween level of fat intake and cancer?" by exploring the
relationship "dietary fats — neoplasms." Fig. 3 is a close-up of the
Telemakus visual exploration interface. Following any of the re-
search relationship links (e.g., antioxidants — neoplasms) will
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search and display additional research report schemas with that
research finding.

Figure 3 - Map of "neoplasms" research findings

Methods

The Telemakus IE system architecture centers on a relational da-
tabase, a set of tools used to populate the database with data ex-
tracted from research reports and several server side tools and
programs responsible for serving the content of the database to
the public via the WWW. The entire system is built from open-
source components, leveraging standard protocols and tools
whenever possible. By design, no platform or language-specific
dependencies exist between system components. The goal is to
keep each component decoupled, so that any phase may be en-
hanced without requiring significant changes from other compo-
nents. Also, this independence makes it possible to add
additional components or implement remote processing very ef-
ficiently. Fig. 4 details the system architecture.

The IE system currently consists of three discrete phases: Fetch-
er, Extractor and CrossCheck, each independently responsible
for its own task. Fetcher gathers all the resources necessary to
process a given research report. It takes the document URL and
citation information, creates an XML document and unique di-
rectory on the server and downloads the full-text document and
its table/figure files. Fetcher then creates local copies of the
HTML and image files and creates elements in the XML docu-
ment for each of the respective pieces.

The XML document is then passed on to Extractor which ex-
tracts data from the resources made available by Fetcher. Work-
ing with the XML document, whose elements define where the
report tables and figures are stored on the server, Extractor iden-
tifies sentence boundaries and report sections and creates a list
of proposed database entries. Meta tags are inserted in the local
copies of the report as reference points to all the extracted data.
Elements are added to the XML document, defining all the ex-
tracted database fields and their respective reference tags. The
XML document is then passed on to CrossCheck which is re-
sponsible for presenting the extracted data from the previous



phases to a human analyst for review. CrossCheck provides a vi-
sual display of the extracted database fields, selectively high-
lighted. The analysts can then add, delete or modify the extracted
data before committing the report to the database.

Telemakus Database

- N
% php webslte

TouchGraph
Visualizatiol
Application
Telemakus
Website

Figure 4 - Telemakus system architecture

An open-source Java-based graphing applet, TouchGraph (http:/
/www.touchgraph.com), has been adapted and enhanced to cre-
ate dynamic maps of research findings based on the research
concept queried either via the schema or retrieval set. The visu-
alization package serializes maps to and from XML. Servlet
code delivers an XML document to TouchGraph via HTTP, for
the relationships defined in the retrieval set. The package sup-
ports dynamic content feeds to generate interactive nodes-and-
edges maps. The visualization tool permits traversal from node
to node and expanding or contracting the view to include a map
of all research relationships reported in the retrieved set of doc-
uments and to easily return to query-paired terms of interest.
Tool bars permit narrowing and broadening of the focus and ro-
tation of maps for improved viewing.

Telemakus, then, provides two views for the user: the document
surrogate and the interactive visualization interface. Using mul-
tiple views allows the user to explore concept relationships that
represent a domain's research findings in aggregate while retain-
ing the capability to drill-down to an individual report's attribute
level.

The initial Telemakus database domain is the biology of aging,
although Telemakus tools and concept mapping algorithms are
broadly applicable to any domain that presents research findings
as numeric data (i.e., in tables and/or figures). The current data-
base and visualization model represents knowledge related to ca-
loric restriction and aging, a subset within the domain of the
biology of aging chosen because it is an important rapidly ex-
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panding specialized area of the biology of aging that is also high-
ly interdisciplinary.

Results

A primary goal of Telemakus is to create a user-centered product
so we have involved researchers in the iterative design and test-
ing of the system. Informal usability indicates that the schematic
document surrogate is a major improvement over the traditional
bibliographic citation format with abstract because it provides a
more comprehensive retrieval set picture for the user. Feedback
also affirms that retrieval based on research findings is a unique
and highly desirable core function. Users have also expressed
the need for more control over both the schema and mapping
presentation in order to fine-tune the display to individual pref-
erences and personal needs (e.g. color blindness). Also, as more
concepts are present the display becomes increasingly crowded
(a "hairball" effect); users need a variety of ways to prune the
number of concepts so the presentation remains meaningful.

Discussion

From its inception, Telemakus has been designed in close col-
laboration with the scientists who are its users. We plan to con-
tinue our iterative design and test approach to improve and
enhance both IE and presentation with the following evalua-
tions: (1) value vs. cost of human review and (2) map filtering
experiments based on a variety of criteria, including Semantic
Type or organism studied (e.g., human versus rat) to address
"hairball" and other display issues. In addition, we are planning
a comprehensive evaluation that includes both intrinsic (testing
of the system in of itself) and extrinsic (testing how use of the
system affects the completion of other tasks) evaluations.

Conclusion

As the compiled record of scholarly knowledge has grown expo-
nentially, it has become impossible to remain abreast of all rele-
vant scientific findings. Even with remarkably useful online
bibliographic databases, search results continue to overwhelm
researchers. It is critical that information tools be developed to
address these information overload problems in order to reduce
redundant research as well as to ensure that scientists can put dis-
parate findings together to develop new research hypotheses.
The Telemakus system provides a flexible new method for rapid
review of documents. By formalizing representation of the meth-
ods and results of scientific research reports, Telemakus offers
the potential to ultimately speed up the scientific discovery pro-
cess.
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