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This research presents an algorithmic approach to addressing the vocabulary problem in scientific information
retrieval and information sharing, using the molecular biology domain as an example. We first present a literature
review of cognitive stud!es related to the vcrcabulaw problem and vocabulary-based search aids (thesauri) and then
discuss technques for building robust and domain-specific thesauri to assist in cross-domain scientific information retrieval. Using a variation of the automatic thesaurus
generation techniques, which we refer to as the concept
space approach, we racentiy conducted an experiment in
the molecular biology domain in whch we created a C.
eksgans worm thesaurus of 7,657 worm-specific terms and
a Drosophila fty thesaurus of 15,626 terms. About 30% of
these terms overtappad, which created vocabulary paths
from one subject domain to the other. Based on a cognitive
study of term association involving four biologists, we
found that a large percentage (59.6-85.6”A ) of the terms
suggested by the subjects were identified in the conjoined
fly-worm thesaurus. However, we found only a small parentage (6.4-18.1 %) of the associations suggested by the
subjects in the thesaurus. In a follow-up document retrieval
study involving eight fly biologists, an actual worm database (Worm Community System), and the conjoined flywonn thesaurus, subjects were able to find more relevant
documents (an increase from about 9 documents to 20)
and to improve the document recall level (from 32.41 to
65.28% ) when using the thesaurus, although the precision
level did not improve significantly. Implications of adopting
the concept space approach for addressing the vocabulary
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problem in Internet and digital libraries applications
also discussed.

are

1. Introduction

The vocabulary (d@erence) problem in human-computer interactions has been studied extensively in recent
years ( Furnas, 1982; Fumas, Landauer, Gomez, & Dumais, 1987). Furnas et al. ( 1987) found that in spontaneous word choice for objects in five domains, two people favored the same term with less than 20% probability.
This fundamental
property of language limits the success
of various design methodologies
for vocabulary-driven
interaction.
In information
science, indexing and search
uncertain y have been recognized as the primary sources
of information
retrieval problems.
Previous research
(Bates, 1986 ) has shown that different indexers, well
trained in an indexing scheme, might assign index terms
for a given document
differently. It has also been observed that an indexer might use different terms for the
same document
at different times (possibly because of
learning or the cognitive state of mind at indexing).
A
high degree of uncertainty
with regard to search terms
has also been reported: Searchers tend to use different
terms for the same information
sought. Because of the
indeterrninism
involved in indexing and searching, an
exact match between the searcher’s terms and those of
the indexer is unlikely ( Chen & Dhar, 1987). This often
results in poor recall and precision in search.
The recent Human Genome Initiative ( HGI ) offers
tremendous
challenges not only to the biology, biomedi-
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tine, and genetics research communities,
but also to the
information
science and computer
science communities. According to Courteau
( 1991), the Human Genome Project “will generate more data than any single
project to date in biology,” resulting in complete sequences and physical maps containing the location ofevery gene of the human genome and the genomes of other
model organisms. Biologists study organisms in order to
develop a generalizable
understanding
of the processes
of life. The information
learned about each animal is
shared and compared,
leading to a fuller, broader, and
more detailed picture. New methods in biotechnology
facilitate researchers’ gathering of data at the finest levels
of granularity.
Numerous
genomes are currently being
mapped and sequenced,
including those of nematode
worm, fruit fly, mouse, man, bacteria (E. coli ), yeast,
loblolly pine, triticale wheat, and others. Because research communities
in biology tend to form around organisms, rather than phenomena
or processes, separations between communities
generally indicate not only
distinct groups of people, but distinct databases and vocabularies.
The vocabulary problem caused by the nomenclature
and semantic differences between biological subdomains
complicates
the problem of information
retrieval and
sharing. While there is common terminology among the
various subdiscipline
for biological concepts (e.g., cellular functions),
names for genes, physiological functions,
and anatomical parts can differ from species to species.
Nomenclature
schemes and naming conventions
vary
widely among the different biological research communities. Some, such as those of the very young worm community, are highly standardized.
In contrast, others, including the yeast and fly domains,
involve very little
standardization.
Terms can also have different semantic
meanings in various biological systems. For example, in
the nematode sperm are pseudo pods that crawl; in other
systems, these are ciliated flagella that swim. In addition,
the language of science is highly dynamic and fluid over
time ( Frenkel,
199 1). Not only does the vocabulary
change to represent increased understanding
as scientists
continue to learn about the systems they study, but old
terms can take on broader, narrower, or even different
meanings as research advances.
The vocabulary
problem
in scientific research demands the development
of advanced computing
techniques. One recent attempt to address the problem vocabulary differences in molecular biology research is the
development
of the Worm Community
System ( WCS )
as part of the NSF National
Coi[aboratory
effort
(Rosenberg, 1992; Schatz, 1993). This experiment
in
building an electronic scientific community
system for
the C. elegans biologists has been considered a model
electronic community
system (Pool, 1993 ). It offers traditional database functionalities
along with literature, informal information
and research lore, mapping programs and graphics, and allows users to browse, share,
and filter a large amount of timely worm community
18

knowledge. The system is intended to serve the entire
community
of worm biologists and other related biology
and biomedical community
members ( Courteau,
199 1;
Schatz, 1991/ 1992). The current WCS runs under XWindows on Unix machines and can also be used remotely from Sun and DEC workstations and Macintosh
personal computers ( Shoman, Grossman, Powell, Jamison, & Shatz, 1995 ).
In order to address the vocabulary problem in information retrieval for worm biologists (both experts and
novices ), we developed and integrated into the WCS an
automatically
generated thesaurus containing
domainspecific vocabulary related to the worm ( Chen, Schatz,
Yim, & Fye, 1995). In response to a searcher’s query, the
thesaurus
component
suggests related worm concepts
that serve to trigger the searcher’s
recognition
and
thereby broaden or sharpen the search. The present work
involves development
and evaluation of a second automatic thesaurus for the domain of Drosophila melanogaster ( fmit fly ) genetics and molecular biology, with the
goal of integrating this with the worm thesaurus. We believe that the conjoined
fly-worm thesaurus and their
overlapping
vocabularies
could suggest meaningful
vocabulary paths to lead community
outsiders (e.g., fly
biologists) into a different subject domain and identify
research documents
(e.g., worm literature)
of interest.
This research proposed an algorithmic and scalable approach to cross-domain
scientific information
retrieval,
using WCS and the worm-fly biology community
as an
experimental
testbed.
In Section 2, we present a review of vocabulary association studies and thesaurus work. A concept space approach, which is grounded on cluster analysis and general AI search algorithms, is then presented in Section 3.
We also summarize
our previous findings in the same
section. In Section 4, we present a cognitive study which
investigated the concept (term) association behaviors of
four biologists who are knowledgeable about both fly and
worm genetics. Section 5 presents a follow-up study
which involved eight fly biologists who were asked to retrieve worm documents
in the WCS, with and without
the help of the fly-worm thesaurus. Both experiments included quantitative
measures, statistical analysis, and
( verbal) protocol analysis. Conclusions and a discussion
are presented in the last section.

2. Vocabulary Association and Thesaurus:
Literature Review
The vocabulary problem affects every domain of human knowledge. Based on research over the past few decades, it has become clear to information
scientists that
development
of effective online information
retrieval
systems must consider the cognitive processes and the
vocabulary association characteristics
of the users ( Chen
&Dhar, 1991).
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2.1.

Vocabulary Association

According to Belkin, users of information
retrieval
systems bring with them a problem statement which represents an information
need. Inherent in all information
needs are “anomalous
states of knowledge”
(ASKS)
( Belkin, Oddy, & Brooks, 1982a). In Belkin’s document
retrieval system based on ASKS ( Belkin et al., 1982a,
1982b), the searcher’s state of knowledge is represented
as a network of associations between words. From the
structure and characteristics
of the network, it is possible
to identify anomalies
in the state of knowledge.
The
ASKS model has also contributed
to associative indexing
and term-association
based retrieval. Belkin’s research
shows that “networks
constructed
from constrained
word associations yield reasonable representations
of individuals’ states of knowledge about the subject to which
the associations are constrained. ” The cognitive experiment reported in this article was also based on such a
word-association
network representation.
Several models of human memory association have
been su~ested wherein knowledge is represented by network-like structures
with linked propositions.
Anderson’s work in human memory is particularly pertinent to
term associations in retrieval ( Anderson, 1985a, 1985b).
According to Anderson, people remember not the exact
wording of verbal communication,
but the meaning underlying it. The smallest unit of knowledge that can stand
as an assertion
bearing meaning
is the proposition.
Memory, then, is represented as a network of such propositions. The strength of the association paths leading to
a particular piece of information
contributes to the level
of activation being spread. This theory of spreading act ivation has influenced the design of many semantic network-based information
retrieval systems ( Chen & Ng,
1995; Cohen & Kjeldsen. 1987; Shoval, 1985).

2.2.

Thesaurus

Wbrk

Information
retrieval in large document
collections
oflen requires vocabulary
expansion
aids because, as
Blair and Maron ( 1985 ) contend, “vocabulary problems
make high recall impossible in full-text databases.” Furnas et al. ( 1987) and Gomez, Lochbaum
& Landauer
( 1990) found in their studies that “searcher success is
markedly improved by greatly increasing the number of
names per object.” They proposed an “unlimited
aliasing” strategy, which allows essentially unlimited numbers of aliases for objects, to alleviate the vocabulary
difference problem.
Many research groups have created vocabula~-based
search aids for online information
retrieval systems by
making use of existing thesauri or dictionaries. Thesauri,
in particular, exhibit a structure similar to human wordassociation networks. While these tools are able to provide the searcher with alternate terms to use in searching,
they do not overcome the knowledge acquisition bottleneck (Hayes-Roth, Waterman, & Lenat, 1983): the cog-

nitive demand required of humans (indexers or domain
experts ) to create thesauri or dictionaries
in the first
place. An alternative approach to creating vocabularybased search aids is based on automatic thesaurus generation.
The National
. Incorporating
Existing Thesauri,
Library of Medicine’s UnijiedMedical
Language System
( UMLS) project is one of the largest-scale efforts adopting existing domain-specific
knowledge sources or thesauri in information
access. It aims to build an intelligent
automated
system that understands
biomedical
terms
and their interrelationships
and uses this understanding
to help users retrieve and organize information
from machine-readable
sources ( Lindberg & Humphreys,
1990;
McCray & Hole, 1990). The UMLS includes a Metathesaurus (consisting of biomedical concepts and their
relationships
as presented in more than 10 different existing vocabularies
and thesauri ); a Semantic Network
(continuing
information
about and relationships
between
the categories
or classes
included
in the
Metathesaurus
); and an Information
Sources Map or directory (containing
information
about various biomedical databases ). The system suggests terms for user selection.
Many recent information
science projects also have
adopted multiple existing thesauri for term suggestion.
Chamis discussed the issues of thesaurus compatibility
and strate@es and systems developed
to overcome
difficulties in searching multiple incompatible
databases
( Chamis,
199 I ). In particular,
she described
the
effectiveness
of the Vocabulary
Switching
System
( VSS), an integrated vocabulary consisting of 12 existing
thesauri in four diverse subject areas ( business, social sciences, life sciences, physical sciences ). Knapp’s BRS /
TERM voeabula~
database maps natural language synonyms and controlled vocabulary descriptors from seven
bibliographic
databases in the social and behavioral sciences (Knapp, 1984 ). The NTIS database consists of records from databases of numerous government agencies,
each of which has its own thesaurus. The NTIS thesaurus
represents a merged vocabulary of these various microthesauri,
together with natural
language terms, and
“tags” indicating the source of each term ( Pitemick,
1984 ). In a similar effort, ChapIan ( 1995 ) mapped terms
from the Laborline Thesaurus to the Library of Congress
Subject Headings ( LCSH ). Development
of the Art and
Architecture
Thesaurus ( AAT ) began as an attempt to
improve
upon the LCSH vocabulary
by integrating
terms from numerous disparate domain-specific
thesauri
and word lists, and presenting them in a hierarchical
structure similar to that of the NLM’s Medical Subject
Headings ( MeSH ). The result is a faceted, hierarchical
vocabulary that is compatible with, and appropriate
for,
libraries primarily centered on LCSH (Petersen,
1983,
1990 ). Another project undertaken by the Genentech library, based on the methods used by Petersen with the
AAT, attempted
to rectify inconsistencies
between the
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LCSH and MeSH descriptors in domains related to genetic engineering
and molecular
biology (Bellamy &
Bickham, 1989). Finally, Niehoff and associates at Battelle Columbus Laboratories developed an integrated vocabulary for the energy domain which represented terms
from 11 existing vocabularies (Niehoff, 1976; Niehoff &
Kwansy, 1979).
Several projects have attempted to incorporate
existing thesauri in the design of knowledge-based
information retrieval systems. Fox et al. focused on creation of
For example,
Fox’s
so-called
“relational
thesauri.”
CODER system adopted the Handbook of Arti$ciai Intelligence and Collin’s Dictionary (Fox, 1987; Fox, Nutter, Ahlswede, Evens, & Markowitz,
1988). Ahlswede
and Evens ( 1988) parsed Webster’s Seventh New Collegiate Dictionary to obtain a “lexical database” containing lexical or lexical-semantic
relationships from the dictionary definitions. Lesk converted an online version of
Murray’s Oxford English Dictionary into a thesauruslike tool to facilitate searching of historical manuscripts.
These approaches
represent attempts to produce “universal lexicons,” rather than domain-specific
thesauri or
dictionaries.
Chen et al. conducted
a series of experiments which included several large-scale, domain-specific thesauri. Chen and Dhar ( 1991 ) incorporated
a portion of the LCSH in the computing
area into a system
that used a branch-and-bound
spreading activation algorithm to assist users in query formulation.
More recently, they developed
concept-based
document
retrieval using multiple thesauri: Two existing thesauri
( LCSH and the ACM Computing
Review Classification
System) and an automatically-generated
computing-specific thesaurus (Chen, Lynch, Basu, & Ng, 1993; Chen &
Ng, 1995).
. Automatic Thesaurus Generation.
Numerous
investigators have developed algorithmic
approaches
to
automatic
thesaurus generation.
Most of these ap
preaches employ techniques that compute coefficients of
“relatedness”
between terms using statistical co-occurrence algorithms (e.g., cosine, Jaccard, Dice similarity
functions) (Chen & Lynch, 1992; Crouch, 1990; Rasmussen, 1992; Salton, 1989). Some algorithms,
however, perform cluster analysis to further group terms of
similar meanings ( Everitt, 1980; Rasmussen,
1992).
Stiles ( 1961) was one of the early researchers to report
improved retrieval performance
using a method based
on term association ( with collections of librarian-applied
subject tags). Doyle ( 1962) futiher argued that the principles underlying association-based
retrieval should apply whether the associations are determined
by humans
or by machines
(programs).
Courtial
and Pomian
( 1987) argued that searches performed in the realms of
science and technology frequently involve association of
concepts that lie outside the traditional associations represented
in thesauri.
Associative
networks
gleaned
through textual analysis, they argued, facilitated innovation by making obvious associations that would other20

wise be impossible for humans to find on their own. In
early research, Lesk ( 1969) found little overlap between
term relationships
generated through term associations
and those presented in existing thesauri.
More recently, Crouch and Yang ( 1992) automatically generated thesaurus
classes from text keywords,
which can subsequently be used to index documents and
queries. Crouch’s approach is based on Salton’s vector
space model and the term discrimination
theory. Documents are clustered using the complete link clustering
algorithm
(agglomerative,
hierarchical
method).
Ekmekcioglu, Robertson,
& Willet ( 1992) tested retrieval
performances
for 110 queries on a database of 26,280
bibliographic
records using four approaches:
Original
queries and query expansion using co-occurrence
data,
Soundex code (a phonetic code that assigns the same
code to words that sound the same), and string similarit y
measure (based on similar character microstructure),
respectively. The four approaches produced 509 (original
queries),
526 (term co-occurrence),
518 ( Soundex),
and 534 (string ) documents,
respectively.
They concluded that there were no significant differences in retrieval effectiveness among these expansion methods and
initial queries. However, a close examination
of their results revealed that there was a very small degree of overlap between the retrieved relevant documents generated
by the initial queries and those produced by the co-occurrence
approach
( 1970 overlap
using the Dice
coefficient ). This suggests that search performance
may
be greatly improved if a searcher can select and use the
terms suggested by a co-occurrence
thesaurus in addition
to the terms he/she has generated.
The limitation
of the popular symmetric
similarity
functions, e.g., cosine, Dice, and Jaccard’s, have been reported by Peat and Willett ( 1991). Their research
showed that similar terms identified by symmetric cooccurrence function tended to occur very frequently in
the database that is being searched and thus did little or
nothing to improve the discriminatory
power of the original query. They concluded that this can help explain
Sparck Jones’ tinding that the best retrieval results were
obtained if only the less frequently Occurnng terms were
clustered and if the more frequently
occurring terms
were left uncluttered.
Several research groups have experimented
with an
algorithmic
approach to cross-domain
term switching
recently. Chen et al. experimented
extensively in generating, integrating,
and activating
multiple
thesauri
(some were existing thesauri, others automatically
generated, all in computing-related
areas) ( Chen et al.,
1993; Chen & Ng, 1995). Both Kim and Kim ( 1990)
and Chen et al. ( 1993) proposed treating ( automatic and
manually-created
) thesauri as a neural network or semantic network and applying spreading activation algorithms for term-switching.
Despite questions about the
usefulness of automatic
thesaurus browsing heuristics
(Jones et al., 1995), our recent experiment revealed that
activation-based
term su~estion
was comparable to the
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manual thesaurus browsing process in document
recall
and precision, but that the manual browsing process was
much more laborious and cognitively demanding ( Chen
&Ng, 1995).

3. The Concept Space Approach to Automatic
Thesaurus Generation: Techniques and Results
After closely examining past research (both in information science and cognitive studies ) and based on our
own experience in creating domain-specific
thesauri in
several scientific, engineering, and business domains, we
believe that creating robust and useful domain-specific
thesauri (not universal thesauri ) automatically
is feasible
and these thesauri can potentially pave the way for crossdomain scientific information
retrieval. We refer to our
approach to automatic thesaurus generation as a concept
space approach because our goal is to create a meaningof
ful and understandable
concept space (a network
which could represent
terms and weighted associations)
the concepts (terms ) and their associations
for the underlying
iyformurion
space (i.e., documents
in the
database ).

3.1. Techniques:

The Concept Space Approach

The specific steps and algorithms
adopted include:
Document and object list ccdieciion, objet{ filtering and
au(oma[ic indexing, co-occurrence analysis, and associative retrieval. We present below a brief overview of these
techniques in the context of our fly-worm experiment.
For algorithmic
details, readers are referred to ( Chen,
Hsu. Orwig, HOOWS, & Nunamaker,
1994a; Chen &
Lynch, 1992; Chen et al., 1993; Chen & Ng, 1995; Chen,
Schatz, Martinez, & Ng, 1994b; Chen et al., 1995).
In any au● Document
and Objec~ List Collection.
tomatic thesaurus building effort, the first task is to identify complete and recent collections of documents in specific subject domains that can serve as the sources of vocabularies. The proliferation of Internet services and the
availability of online bibliographic databases have made
document collection much easier.
Bates ( 1986) proposed a design model for subject access in online catalogs. She stressed the importance
of
building domain-specific
lexicons for online retrieval
purposes. A domain-specific,
controlled list of keywords
can help identify legitimate search vocabularies and help
searchers “dock” on to the retrieval system. For most
domain-specific
databases,
there appear always to be
some existing lists of subject descriptors ( e.g., the subject
indexes at the back of a textbook),
researchers’ names
(e.g., author indexes or researchers’
directories),
and
other domain-specific
objects (e.g., genes, experimental
methods, organizational
names, etc.) which exist online
or can be obtained through OCR scanning. These domain-specific keywords can be used to help identify important concepts in documents automatically.

In creating a worm thesaurus, we collected documents
from four sources The Worm Book (a reference book
used widely by worm biologists, with 12 review chapters
and about 700 pages of text), journal abstracts ( 1,467
articles, acquired
from Medline and Biosis ), Worm
Breeder’s Gazette (worm newsletter,
1,626 documents
dating back to 1974), and conference proceedings articles ( 1,313 documents,
1977-1992).
Lists of researcher
names, gene names, experimental
methods, and subject
descriptors
were also created
from existing
online
sources. For this young and limited molecular and genetics domain, our collections (identified with the help of
several worm biologists at the Arizona Worm Lab) were
considered complete. On the other hand, the Drosophila
community
is one of the oldest groups in biological research. We were able to collect only recent online documents for thesaurus
generation:
5,854 abstracts from
Medline and Biosis ( 1983-1993).
However, we were
able to obtain four large online lists: Gene names, function names, researcher names, and subject descriptors
from FlyBase (a set of linked databases about fly research, maintained
by the Department
of Biology at Indiana University ). These vocabulary sources were also
identified with the help of various fly biologists.
● Object
Filtering and A utornatic Indexing.
For
each online document,
we first identified terms that
matched with terms in our known vocabularies,
a process referred to as object jiltering. Because after object
filtering the remaining texts may still contain many important concepts, an automatic indexing procedure then
was followed. Salton ( 1989) presents a blueprint for automatic indexing, which typically includes dictionary
look-up,
stop-wording,
word stemming,
and termphrase formation. The algorithm first identifies individual words. Then, a stop-word list is used to remove nonsemantic bearing words such as the, a, on, in, etc. After
removing the stop words, a stemming algorithm is used
to identify the word stem for the remaining words. Finally, term-phrase
formation that formulates phrases by
combining only adjacent words is performed.
Since our first worm experiment (Chen et al., 1995),
we have made several changes in the above automatic
indexing process and have fine-tuned our algorithms according to subjects’ suggestions. We removed the stemming procedure
from automatic
indexing in order to
avoid creating noise and ungrammatical
phrases, e.g.,
cloning will not be stemmed as clone (one is a process,
the other is an output), C, elegan.s will not be stemmed
to C. elegan, which is ungrammatical,
etc. We created a
separate domain-specific
stop-word list for worm biology
which contained about 600 very general molecular biology terms such as gene, process, mutation, etc. This list
helped us remove many general (and thus irrelevant)
terms in the thesaurus. We standardized
all researchers’
names according to the format of last name, followed by
the first character of the first name. This helped remove
the problem of same names appearing in different forms.
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We also included

alleles for genes since a gene and a gene
with allele have different meanings, e.g., daf-9 and daf9 (e 1406 ). We believe these revisions were essential for
identifying specific biological concepts and creating precise and useful thesauri.
. Co-occurrence Analysis.
After terms were identified in each document,
we first computed the term frequency and the document
frequency for each term in a
document.
Term frequency, tJj,represents the number
of occurrences of term j in document
i. Document
frequency, dj, represents the number of documents
in a
collection of n documents in which term J occurs. A few
changes were made to the standard term frequency and
inverse docurnentfrequency measures.
Usually terms identified from the title of a document
are more descriptive than terms identified from the abstract of the document.
In addition, terms identified by
the object filters are usually more accurate than terms
generated by automatic indexing. This is due to the fact
that terms generated by automatic indexing are relatively
noisy. In our research, terms identified in titles were assigned heavier weights than terms in abstracts and terms
identified
by object filtering were assigned
heavier
weights than terms identified by automatic indexing.
We then computed the combined weight of term j in
document
i, dti, based on the product of “term frequency” and “inverse document frequency” as follows

do=~,x

log

()

$xw,

where N represents the total number of documents
in
WCS and wj represents the number of words in descriptor T,. Multiple-word
terms were assigned
heavier
weights than single-word terms because multiple-word
terms usually convey more precise semantic meaning
than single-word terms.
We then petiormed
term co-occurrence
analysis
based on the asymmetric “Cluster Function” developed
by Chen and Lynch ( 1992). We have shown that this
asymmetric simikwit y function represents term association better than the popular cosine function. The weighting-factor appearing in the equations below is a further
improvement
of our cluster algorithm.
ClusterWeight(

~, T~)
= ~?. I dijk

X Weighting

Factor( Tk)

Z?. I dil
C’lusterWeight(

T~, ~)
= ~

?.l dikj

X Weighting Factor( ~)

~?. , d:k
These two equations
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indicate

the similarity

weights

from term T, to term Tk (the first equation)
and from
term Tk to term Tj ( the second equation).
do and dik were
calculated based on the equation in the previous step.
dvk represents the combined weight ofboth descriptors ~
and Tk in document i. dijk is defined similarly as follows:

dljk

=

N
t&jk x log ~

()

x

‘j

where tf,krepresents the number of occurrences of both
term j and term kin document i (the smaller number of
occurrences between the terms was chosen ). djk represents the number of documents
(in a collection of N
documents)
in which terms j and k occur together. w,
represents the number of words of descriptor T,.
In order to penalize general terms (terms which appeared in many places) in the co-occurrence
analysis, we
developed the following weighting schemes which are
similar to the inverse document frequency function:
N
h ~
Weighting Factor( Tk) = —
log N
N

~aclor(T ~_

we i g h ti n g

J

log~
log N

Terms with a higher dfi value (more general terms)
had a smaller weighting factor value, which caused the
co-occumence
probability to become smaller. In effect,
general terms were pushed down in the co-occurrence
table (terms in the co-occurrence
table were presented
in reverse probabilistic order, with more relevant terms
appearing first ). This refinement was implemented
after
we tested our initial implementation
with several biologists. They found that some very general (but not useful )
terms, e.g., C. eiegans, development,
etc. were still suggested by the automatic thesaurus (at the top of the cooccurrence table ). After imposing this penalty factor, the
thesaurus was able to make more precise and specific
suggestions. After consulting worm and fly biologists in
the Arizona worm and fly laboratories to decide on a reasonable number of related terms for each concept, we
chose 100 as the maximum
number of links for any
node. This effectively removed about 60% of the less relevant co-occurrence
pairs.
● Associative
Retrieval.
In addition to the user-controlled thesaurus browsing process, searchers can also invoke selected
spreading
activation
algorithms
for
multiple-term,
multiple-link
term suggestions. We have
developed two algorithms, based on the serial branchand-bound algorithm and the parallel Hopfield net algorithm, respectively (Chen & Ng, 1995). The Hopfield algorithm, in particular,
has been shown to be ideal for
concept-based
information
retrieval.
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The

Hopfield

( 1982)

net was introduced

as a neural

memory. Knowledge and information
can be stored in singleIayered, inter-connected
neurons ( nodes) and weighted
synapses (links ) and can Ix retrieved based on the Hopfield network’s
parallel
relaxation
and convergence
methods. The Hopfield net has been used successfully in
such applications
as image classification, character recognition, and robotics (Knight, 1990; Tank & Hopfield,
1987 ) and was first adopted for concept-based information retrieval in Chen et al. ( 1993).
Each term in the network-like
thesaurus was treated
as a neuron and the asymmetric weight between any two
terms was taken as the unidirectional,
weighted connection between neurons. Using user-supplied
terms as input patterns,
the Hopfield algorithm
activated
their
neighbors (i.e., strongly associated terms ), combined
weights from all associated neighbms (by adding collective association strengths ), and repeated this process until convergence.
During
the process, the algorithm
caused a damping eflect, in which terms farther away
from the initial terms received gradually decreasing activation weights and activation
eventually
“died out.”
This phenomenon
is consistent with the human memory
spreading ac(iva[ion process.
The Hoptield net algorithm relied on an activate and
iterative process, where
network

that can be used as a content-addressable

M,(t + 1) is the activation value of neuron (term) j at
weight from neuf + 1, t,, is the co-occurrence
ron i to neuron j, and J is the continuous
SIGMOID
transformation
function, which normalizes
any given
value to a value between O and 1 (Dalton & Deshmane,
199 1; Knight, 1990). This formula shows the para//e/ relaxation property of the Hopfield net. [Readers are referred to ( Chen & Ng, 1995) for algorithmic detail.]
The experiments reported in this research did not contain the associative retrieval component.
As a first step
toward verifying the concept space approach to alleviating the vocabulary problem in scientific retrieval, we provided only a graphical user interface for browsing the fly
and worm thesauri created for the Worm Community
System. Our ongoing work involves incorporating
the associative retrieval component
in several large-scale, operational systems ( Chen & Schatz, 1994).

iteration

3.2. Prior Results:

W’orm and Fly Thesauri

By adopting the concept space approach and working
closely with worm and fly biologists in the Molecular and
Cellular Biology ( MCB ) Department
at the University
of Arizona for about 2 years, we generated a worm thesaurus in Fall 1993 ( Chen et al., 1995) and a fly thesaurus in Summer 1994 ( Chen et al., 1994b). Both thesauri

had been independently
tested by the biologists and are
available for Internet WWW access ( BioQues/ ) at: http:
//ai.bpa.arizona.
edu/.
The resulting worm thesaurus
consisted
of 7,657
terms and 547,810 links and the fly thesaurus contained
15,626 terms and 750,314 links (after applying various
thresholds).
Most of these terms were author names or
subject descriptors.
It took 50 and 70 minutes, respectively, to generate the two thesaurionaDECAlpha2100
workstation
(200 MHz, 128-MB RAM ). The resulting
thesauri were about the same size as the initial document
collections (i.e., 1:1 storage overhead ).
A structural
analysis of the two thesauri revealed that
about 307. of their subject descriptors
overlapped
( Table
1 ). Not surprisingly, we found little overlap in author or

gene names. Overall, about 107. of the fly terms overlapped with worm terms and about 2 1‘% of the worm
terms overlapped
with fly terms. These overlapping
terms provided potentially
useful “vocabulary
paths”
from one domain to the other.
Based on the two automatic thesauri created for worm
and fly biology, we proceeded to test their usefulness for
cross-domain
concept-based
retrieval. The first experiment aimed
to understand
fly-worm
biologists’
(biologists who are familiar with both worm and fly
biology ) cross-domain
term association
patterns and
their similarity to the terms and associations represented
by the fly-worm thesaurus. The second experiment
involved implementing
the thesauri (and a graphic user
interface ) on the operational Worm Community
System
and investigating
the retrieval
petiormances
(recall,
precision, and subjective evaluation ) of fly biologists
when using the conjoined
thesaurus
to help retrieve
worm documents ( i.e., using fly terms to retrieve worm
documents).

4. Fly-Worm

Thesaurus

4.1. Experimental

Traversal

Experiment

Design

The goal of this experiment was to understand fly and
worm biologists’ associations between concepts—associations that form the basis for the decisions and inferences
they use when searching information.
Four subjects
from the fly and worm domains were asked to identify
paths of associated terms that might be taken to traverse
from terms in one domain to terms in the other domain.
The fly subjects were both faculty memlxrs; the worm
subjects were both graduate students. Subjects identified
pairs ofterms—one
term from the fly domain, one from
the worm domain—that
they knew to have equivalent
semantic meaning in the two domains. They were asked
to articulate clearly any thoughts that occurred to them
as they developed their network of associations.
While
discussing term associations and introducing new associated terms that link the two initial terms, subjects drew
graphs depicting concept relationships.
Verbal protocols
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TABLE 1. Number of overlapping terms between fly and worm thesauri.
worm

Fly

Object

Total fly terms

% Overlapping
with worm

Overlap
common terms

% Overlapping
with fly

Total worm terms

Author
Function
Gene
Subject
Total

8,153
224
3,315
3,935
15,626

3.21
14.29
0.39
30.93
10.08

262
32
13
1,267
1,574

12.52
I00.00
1.54
27.03
20.56

2,092
32
845
4,688
7,657

were tape recorded and transcribed for subsequent analysis.
Terms (nodes) and associations (links) expressed by
the subjects were searched in the conjoined
fly-worm
thesaurus to determine how many appeared. Counting
was done for both partial (subset ) and whole phrases.
Also, the networks drawn by the subjects were analyzed
to elucidate traversal behavior and strategies. The four
subjects completed a total of 18 traversal graphs between
fly and worm terms. The time required for the experiment ranged from 35 minutes for one expert who completed five traversals, to 1 hour 30 minutes for one graduate student who completed three traversals.

4.2. A Sample
Graphs

Traversal and Analysis

of Traversal

Figure 1 illustrates the process taken in analyzing the
traversal graphs. Panel (a) depicts the graph of terms as
it was drawn by the subject. The time (in minutes and
seconds after the beginning of the traversal) at which
each term was stated by the subject is noted beneath each
term. The order of traversal maybe determined
by following the passage of time. The source node was defined
as the term in the initial term pair that came from the
subject’s domain and the target node was the term in the
other domain. Intermediate
nodes were terms that were
used in traversing between the two domains.
The subject first identified the source term (let-23 )
and target term ( sevenless) (both gene names) and then
proceeded to list commonalities
between the two genes.
They are both cellfate determinants within signal transduction pathways and they encode receptor protein kinases, which are located on the cell surJace [ see the terms
in the middle of panel (a)]. The subject then named
closely associated proteins, boss and ras (in the two domains Dras and let-60, respectively).
Next, the subject
stated that the genes function in the development
process
of different tissues in the two animals
Vulva/ development in C. elegans, and eye development
in Drosophila
(specifically in the R7 cell determination).
Finally, the
subject summarized
the relationship
between the two
genes: They perform similar functions
using similar
mechanisms, but do so in different tissues.
24

In panel (b), all terms not directly involved in a traversal to terms in the fly domain have been removed. In
this case, only the associated gene boss was removed
from the graph. Also, the links to the two ras nodes have
been altered to create a path that extends from let-23 to
sevenless. The number of terms removed from each
graph analyzed depended upon the extent to which subjects discussed domain-specific
details about the initial
terms. The resulting graph depicts a variety of paths that
could be taken to traverse from one domain to the other.
We then searched the conjoined fly-worm thesaurus for
all terms and associations included in panel ( b).
Panel (c) depicts the nodes and links found in the flyworrn concept space. Nodes found have been marked according to the object type: Gene name ( oval ) and subject
term (rectangle ). Terms existing in both the fly and the
worm concept space are enclosed in a large circle. Terms
to the left of the large circle were found only in the worm
domain and those to the right were found only in the
fly domain. All but one gene ( Dras) were found in the
thesaurus. While the whole phrase for subject terms may
not have been found in the concept space, component
words of suggested term phrases were found. For example, in Figure 1, components
of all term phrases were
found, but only “vulval development”
was found as a
complete term phrase.
4.3. Experimental Results: Maiching
Associations in Thesaurus

Terms and

The majority of suggested terms were subjects, which
were mostly multiple word phrases. Biologists have several ways of referring to the same concept, depending
upon the level of specificity they wish to convey in a
given discussion.
One example of this would be the
phrase “receptor
tyrosine kinase.”
Other acceptable
names for the same concept would be “receptor kinase”
or “tyrosine kinase.” All are essentially synonymous.
Due to variations in statements of concepts, it was necessary to compute the statistics for the number of suggested terms that exist in the thesaurus in two ways By
searching for the whole phrase as suggested by the subject
and by searching for the various component
words and
phrases making up the suggested phrase. Results of our
analysis are summarized
below:
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. A Large Percentage of the Worm and Fly Terms
Were Found in ~he Thesaurus.
Tables 2 and 3 show the
number of biologist-suggested
terms identified in the
conjoined fly-worm thesaurus (i.e., Found/ Suggested ).
A greater percentage of worm-specific
than fly-specific
terms were found in the respective thesauri, regardless of
either the domain-affiliation
of the subject or the manner
of phrase searching (whole phrase vs. partial phrase).
This is likely to have resulted from the difference in completeness of the two thesauri. The worm collection was
significantly more complete than the fly collection, as
discussed earlier.
Overall, 59.6% of the ( whole ) phrases suggested by the

subjects were found in the thesaurus. In contrast, 85.6%
of the component ( partial ) phrases were identified. For a
total of 146 terms stated by the biologists, subject descriptors and gene names comprised the majority of the
concepts.
● A Small Percentage
oft he Term Associations
Were
Found in the Thesaurus.
Table 4 shows the result of
searching the conjoined
fly-worm thesaurus
for links.
Associations
suggested by subjects were again counted
for both whole phrases and partial phrases (subsets).
Based on whole phrases suggested by subjects, 8.4% of
links were found in the conjoined thesaurus (for a total
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TABLE 2.

Number of nodes (whole phrases) found in conjoined fly-worm thesaurus.

Subject

Object

Worm experts

Author
Function
Gene
Subject
Total
Percent

Fly experts

Author
Function
Gene
Subject
Total
Percent
Author
Function
Gene
Subject
Total
Percent

Overall

Worm specific
found/suggested

Fly specific
found/suggested

Common term
found/suggested

0/0
0/0
0/0

Total
found/suggested

2/2

1/1

0/0

0/0

8/8
1/4
11/14
78.6%

6/11
1f 3
8/15
53.3’%

26/47
26/47
55.3%

14/19
28/54
45/76
59.2%

0/0

0/0

0/0
0/0

0/0
0/0

0/0
0/0

8/8
6/6
14/14
100.0%

8/10
2/6
10/16
62.5%

2/9
16/3 1
18/40
45.0%

18/27
24/43
42/70
60.0%

2/2

1/1
0/0
14/2 1
3/9
18/3 I
58.1%

0/0
0/0

0/0

2/9
42/78
44/87
50.6%

32/46
52/97
47/146
59.6%

0/0
16/16
7/10
25/28
89.3%

3[3

%
Found

100.0

0/0

3/3

73.7
51.8
59.2

66,7
55.8
60.0

100.0
69.6
53.6
59.6

of381 links/associations).
When searching the thesaurus
using partial phrases, 18.1 ?10of possible links to other sub
sets were identified (for a total of 543 links/associations).
This indicated a difference between the way terms were associated in the biologists’ long term memory and the way
they wem associated in the thesaurus. However, the thesaurus may have served as an additional query expansion aid
to augment a biologist’s Iong-tetm memory. ( This hypothesis was tested in the next experiment.)

terms and vice versa. We found about equal proportions
of associations from common terms to domain-specific
terms and from domain-specific
terms to the common
terms. This indicated a bidirectional
nature of term associations for cross-domain
concepts.

w Terms Associations
Were Bidirectional.
Finally,
we considered
the directionality
of links, comparing
links flowing from domain-specific
terms to common

The traversal graphs and verbal protocols were analyzed to determine
subjects’ heuristics for traversing
from one domain into the other.

4.4. Experimental

Results: Traversal Behaviors

TABLE 3. Number of nodes (partial phrases) found in conjoined fly-worm thesaurus.
Worm specific
found/suggested

Fly specific
found/suggested

Common term
found/suggested

Total
found fsuggested

%
Found

3/3
2/2
14/19
72/8 1
91/105
86.7%

100,0
73.7
88.9
86.7

Subject

Object

Worm experts

Author
Function
Gene
Subject
Total
Percent

2/2

1/1

0/0

0/0

0/0

8/8
6/8
11/14
88.9%

6/11
5/5
8/15

2/2
0/0
61/68
26/47
90.0%

Author
Function
Gene
Subject
Total
Percent

0/0
0/0
8/8
6/6
14/14
1Ixl.o%

0/0
0/0

0/0
0/0

8/10
10/10
18/20
90.0%

2/9
61/68
61/68
89,7%

0/0
0/0
18/27
77/84
95/111
85.6%

Author
Function
Gene
Subject
Total

2/2
0/0
16/16
12/14
30/32
93,8%

1/1
0/0
14/2 1
15/15
30/37
81.1%

0/0
2/2
2/9
122/ 136
124/147
84.3%

3J3
2/2
31/46
149/ 165
185/216
85.6%

Fly experts

Overall
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100.0

66.7
91.7
85.6

100.0
100.0
69.6
90.3
85.6

TABLE 4.

Number of suggested links found in conjoined thesaurus.
Whole phrases

Partial phrases

Subject
Worm experts

Subject
suggested

Link

2/7
6[56
9/63

Fly-fly
Fly-common
Common-fly
Common-common
Common-worm
Worm-worm
Worm-common
Total
Percent

5/10
12/66
47/259
18.19.

Fly experts

Fly-fly
Fly-common
Common-fly
Common-common
Common-worm
Worm-worm
Worm-common
Total
Percent

3/10
15/67
7/72
0/0
14/63
2/8
12/64
53/284
18.7%

Overall

Fly-fly
Fty-common
Common-fly
Common-common
Common-worm
Worm -worm
Worm-common
Total
Percent

5/17
21/123
16/135
0/0
27/120
7/18
24/130
100/543
18.190

0/0

Additional found
0
2
2
60

13/57

● Most
Traversals
Used Only One Intermediate
Node.
Both fly and worm experts generally used just
one intermediate
node when traversing between the two
domains: 66% of worm subjects’ traversals and 72’%Jof
fly subjects’ traversal. Overall, 69% of traversals used one
intermediate
term, 13?t0 used two intermediate
terms,
and 1870 used 3-5 intermediate
terms. The worm subjects performed a greater number of searches using two
or three intermediate
nodes than did fly subjects ( 31 %
compared to 14?t0). It appeared that the biologists’ term
spreading activation oflen involved limited levels of
links, i.e., 2-3 links for the majority of the cases.

● Terms.4 ssociat ions Were Conle.xl-Driven.
In creating associations between related terms, subjects often
pointed out specific similarities and/ or differences between the two initially identified (source and target )
terms. Based on our protocol analysis, we found that several contexts for these similarities
and differences existed, including, two genes were identified by similar ( or
different ) experimental
strategies; their cellular structures had similar (or different ) composition;
two proteins were involved in similar or different cellular or developmental
processes
genes manifested
similar or
different phenotypes;
genes or proteins had similar or
dissimilar sequences (homology ) or contained
similar

0
66
1
4
6
43
4
4
4
66

6
8
103
5
5
4
133

Subject
suggested
0/7
2/33
2/36
3/39
3/36
4/7
2/36
15/182
8.2%

Additional found
3

0
3
3
5
4
3
21

2/6
3/38
4/42
l/33
1/39
4/9
2/32
17/199
8.5’+

0
0
1
8
1

2/13
5/7 1
6/78
4/72
4/75
8/16
4/68
32/38 1
8.4%

3
0
4
6
6
5
4
33

motifs or domains: proteins or genes performed similar
(or dissimilar) functions; two genes were members of the
same gene family or involved in the same type of pathway; and two genes existed or functioned in the same or
different cell types.
. Stories of Historical Development
Were Important
for Association.
Biologists looked to other domains for
hints as to what might be happening in their own domain. Several protocols included “stories” of historical
development
of the current understanding
about genes,
proteins, processes, etc. The importance of timely information exchange in the advancement
of biology was exemplified by one of the experts who, in distinguishing
between the two phenomena
he was discussing, indicated that the particular function had been “shown” to
be true in one domain, but was only “hypothesized”
to
be true in the other domain.
In summary, we felt that the results of the term association experiment
were very encouraging.
The high
probability of occurrences
of subject-supplied
terms in
the conjoined fly-worm thesaurus indicated a strong likelihood that users can “dock” onto to the concept space
easily [using Bates’s ( 1986) terminology].
However, the
association links suggested by the thesaurus were often
different from those provided by the subjects. The use-
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fulness of the thesaurus associations
tigated, especially for cross-domain
tion retrieval.

5. FIy-Worm-WCS
5.1. Experimental

needed to be invesscientific informa-

Document Retrieval Experiment
Design

With the encouraging
results obtained from the traversal experiment,
we proceeded to integrate the conjoined fly-worm thesaurus into the Worm Community
System and conducted
a follow-up document
retrieval
experiment.
The goal of this experiment was to find out
whether a conjoined thesaurus, representing conceptual
associations
in two related but distinct subdomains
of
the biological research community,
was able to bridge
the vocabulary
differences between those subdomains
and assist in cross-domain
information
retrieval.
Eight subjects with expertise of varying levels in the
domain of Drosophila research defined and performed
their own searches using the Worm Community
System,
with the aim of identifying useful or relevant worm documents in response to fly-related queries. Due to a copyright issue and the database content, WCS only contained worm documents, which permitted cross-domain
search from fly queries to worm documents,
but not the
reverse. For comparison,
each query was performed
twice: First without the assistance of the conjoined thesaurus and then with the thesaurus. Subjects were encouraged to make use of the full range of keyword and
Boolean searching and hypertext browsing capabilities
available in the WCS. Subjects were asked to evaluate
the relevance of each WCS item and document retrieved.
The search session and relevant worm documents
identified were recorded by an experimenter.
Subjects were
asked to think aloud and their verbal protocols were recorded and transcribed for subsequent protocol analysis.
For determination
of recall, the complete search session
and output of each query were subsequently
evaluated
by a “super-expert”
to identify a target set of relevant
documents.
Each subject spent between 1 and 2 hours
making their queries. The super-expert,
a Drosophila researcher (faculty ) with over 10 years of experience in the
field, spent almost 10 hours in reviewing all the results.
5.2. Experimental Results: Relwant Documents,
Recall, and Precision
The eight subjects attempted
a total of 36 queries.
Twenty-two
of these queries were not included in the
subsequent analysis either because the WCS did not contain any document
relevant to the queries or because
queries were not carried through to completion
by the
subjects. Relevant documents
retrieved and the recall
and precision measures were calculated
using the remaining 14 completed queries.
Thesaurus use contributed
to development
of more
complex, and potentially more specific queries. Of the 14
28

queries considered in calculation
eleven resulted in formulation
ean queries. In contrast, of the
considered in calculations, only
reformulations.
Results of this
rized below:

of recall and precision,
of more complex, Bool22 queries that were not
four resulted in Boolean
experiment
are summa-

● The Conjoined
Thesaurus Helped Find More Relevant Documents.
Results from calculation of relevant
documents retrieved were based on the target set of relevant documents identified by the super-expert.
Without
the aid of the fly-worm thesaurus, searchers were able to
find 8.79 relevant documents.
With the assistance of the
thesaurus
for developing
useful query terms, subjects
were able to find a total of 19.93 relevant documents,
almost doubling the number of documents
retrieved.
The additional
relevant documents
retrieved using the
thesaurus did not often duplicate the set of documents
retrieved without the use of the thesaurus. One-way analysis of variance ( ANOVA ) using the MINITAB statistical package (Rosenberg,
1992 ) showed that this improvement
was statistically significant (p = 0.059). (In
all our analysis, a 1070 statistical significance level was
adopted.)

. The Conjoined Thesaurus Helped Improved Documenl Recall.
The number of relevant documents identified by each subject, both before and after thesaurus
consultation,
was determined based on the total number
of relevant documents
identified by our super-expert.
The average recall was 32.4 1% without use of the thesaurus and 65.2870 with the thesaurus. This improvement
in
recall was statistically significant (p= 0.0 15).
● The Conjoined
Thesaurus Did Not Improve Document Precision.
The overall precision
was 43.5 1%
without the thesaurus and 53.4870 with the thesaurus.
However, this improvement
was not statistically significant (p= 0.477).

5.3. Experimental

Resuits: Search Behaviors

In addition to the quantitative
analysis for the experiment, verbal protocols and comments
after searches
were collected and analyzed. We summarize the results
below
. Relevance
Was a Subjective Concept.
Although
our experiment
attempted
to measure retrieval performance by using standard information
science measures,
we often found that the concept of “relevance”
is very
subjective and has different meanings for different people. Even though given the same instructions,
the subjects and super-expert
in some cases identified different
sets of documents
as being relevant. Subjects identified
those documents that were relevant to their information
need as they understood it at the time of the search session. In contrast, the super-expert
identified all docu-
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ments relevant to the queries articulated by the subjects,
regardless of the t ype of document retrieved and without
knowing other unspecified constraints or visceral needs
of the subjects. So even though our experimental
results
were positive, the retrieval behaviors of subjects in an
operational environment
may still vary significantly.
● Most Queries
Were about Learning Worm Biological S.vslem or Homologue.
The queries articulated by
the subjects fell into several categories. However, most
queries (27 out of 36 ) were either aimed at learning what
is known about a particular
biological system in the
worm or at determining
the name of a worm homologue
for a fly gene of interest. Certain que~ types were more
likely to result in an unsuccessful “term-switching”
from
fly to worm. For example, several unsuccessful search attempts were related to fly-specific functions or structures
that do not exist in worms, e.g., genes or proteins related
to wing function (the fly has wings, but the worm does
not ).

● The
Thesaurus
Helped Jog Human
Memory.
Many subjects were particularly impressed with the thesaurus’s ability to jog their memories. Many verbal protocols supported this observation. For example, one subject said, “it triggered things in my brain. It showed me
words that I knew were connected.”
Another expert subject reacted to a list of thesaurus terms and commented:
“Oh, yeah. Definitely relevant. Definitely relevant. . .
That’s exactly what you would hope to be looking for.”
Later, in summarizing
his impressions of the usefulness
of the thesaurus, he referred back to that search saying,
“Well, it certainly helped with the first one. I mean, you
know, when we started with “wingless,” and it just sort
of reminded you that you should look for “writ” as well.
So, that’s actually useful for that case. You still have to
know enough to recognize what “writ” is, and what it
means. So it’s more like a reminder than an educator in
that sense. And I think that’s probably one of the things
that it would be used for.”
Several subjects commented
that a certain level of domain knowledge may be necessary in order to select appropriate terms readily. Most of the subjects were able to
identify relevant terms from their own domain (fly) in
the thesaurus. However several subjects, especially the
junior researchers,
expressed uncertainty
about which
worm terms offered by the thesaurus would be relevant.
One subject said, “Let’s try just a random gene. Let’s try
lin-39, and see why that came up.”

. The Thesaurus Helped Expand or Limit Queries.
Thesaurus
consultation
helped searchers to articulate
their queries better. In most cases, subjects were better
able to articulate their queries after seeing both the outcome of an initial search and the list of thesaurus-suggested terms. For example,
one subject was overwhelmed when her initial query about “microtubule
binding proteins” retrieved over 500 documents.
After

browsing through the titles, she said, “Well, those are
definitely microtubule
binding proteins, but they aren’t
the kind that I was looking for.” After consulting the thesaurus, she modified the query to include two more
terms. The results of the second query returned a smaller
set of documents which were of interest to her.
In summary, the conjoined thesaurus had done an excellent job in helping the fly biologists find more relevant
worm documents,
improve search recall, jog memory,
and articulate queries. However, the precision level of
the searches did not improve.

6. Conclusions

and Discussion

The vocabulary
problem
in scientific research demands the development
of advanced computing
techniques. This article has presented a concept space ap
preach to addressing the vocabulary problem in scientific collaboration
and information
shating, using the
molecular biology domain as an example. We first provided a literature review of cognitive studies related to
the vocabulary
problem and vocabulary-based
search
aids. Belkin’s ASKS model, which represents a searcher’s
state of knowledge as a network of associations between
words,
and Anderson’s
human
memory
model of
spreading activation were then described to provide a
theoretical foundation
for query expansion in information retrieval.
Despite many positive results, numerous groups have
reported poor results and even degraded performance
with systems offering automatic query expansion. Based
on a review of past research and our own experience in
building domain-specific
thesauri for various applications, we proposed a concept space approach to automatic thesaurus generation. The specific steps and algorithms adopted in our concepl space approach include:
Document and object list collection, object jiltering and
auiornat ic indexing, co-occurrence analysis, and associative retrieval.
In an attempt to understand
the usefulness and performance level of the concept space approach to addressing the information
retrieval difficulties, we recently conducted an extensive experiment in the molecular biology
domain. We created a C. elegans worm thesaurus with
7,657 worm-specific terms and a Drosophila fly thesaurus with 15,626 terms. About 30?40of these terms overlapped, which created vocabulary paths from one subject
domain to the other.
In a cognitive study of four biologists’ term association, we found that a large percentage (59.6-85.6%)
of
the terms suggested by the subjects were identified in the
conjoined fly-worm thesaurus, but that only a small percentage ( 8.4-18. I YO) of the associations suggested by the
subjects were identified in the thesaurus. Our analysis
also revealed that biologists often traversed via one intermediate term and that their associations
were often
context-driven
and story-based.
In a follow-up document
retrieval study involving
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eight fly biologists, the conjoined
fly-worm thesaurus,
and an actual worm database
(Worm
Community
System), subjects were able to find more relevant documents (an increase from about 9 documents to 20) and
document recall level improved from 32.41 to 65.28%.
However, the precision level did not improve significantly. Protocol analysis also revealed that the automatic
thesaurus helped jog human memory and assisted in expanding or limiting queries.
The conjoined fly-worm thesaurus has been incorporated into the Worm Community
System. We also have
created a scaled-down
system called BioQuest that is
available on the Internet WWW for remote access ( http:
//ai.bpa.anzona.
edu/ ). BioQuest contains several thousand documents in worm biology and allows WAIS-like
keyword search and fly-worm thesaurus browsing. We
are in the process of incorporating
an associative retrieval component
based on the Hopfield net algorithm
into BioQuest.
As part of our ongoing NSF/ARPA/NASA
funded
Digital Library Initiative project, we are designing scalable algorithms for building concept spaces for various
engineering domains (significantly larger and more complex than fly-worm biology ). Several algorithms
discussed earlier have been implemented
on a CM-5 parallel computer (with 1024 processing units) and, recently,
on the 16-node Power Challenge (both at the National
Center for Supercomputing
Applications
at the Universit y of Illinois). Our other ongoing work involves creating a concept space for all Internet services ( homepages
collected from the Lycos searchable database at the Carnegie Mellon University, http: //lycos.cs.cmu.
edu/), developing intelligent personal agents (spiders ) based on
genetic algorithms, and organizing and categorizing all
Internet services using a multi-layered,
graphical neural
network algorithm.
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