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Abstract

This research presents an algorithmic approach to addressing the vocabulary problem
in scientific research collaboration and information sharing, using the molecular biology
domain as an example. We first present a literature review of cognitive studies related
to the vocabulary problem and vocabulary-based search aids and then discuss principles

and techniques for building robust and domain-specific thesauri automatically.

Using a variation of the automatic thesaurus generation techniques, which we refer
to as the concept space approach, we recently conducted an experiment in the molecular
biology domain in which we created a C. elegans worm thesaurus of 7,657 worm-specific
terms and a Drosophila fly thesaurus of 15,626 terms. About 30% of these terms over-

lapped, 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%) of the terms suggested by the subjects were identified
in the conjoined fly-worm thesaurus. However, we found only a small percentage (8.4%-
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 fly-worm 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 problem in Internet and digital libraries
applications are also discussed.
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Chapter 1

INTRODUCTION

The Human Genome Initiative (HGI) offers tremendous challenges not only to the
‘biology, biomedicine, and genetics research communities, but also to the information
science and computer science communities. According to Courteau (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
of every gene of the human genome and the genomes of other model organisms. The
vast amount of knowledge accumulated during the project’s scientific discovery process
can only be managed with the use of computing technologies that support efficient and
effective storage, retrieval, and analysis of information, that foster seamless distributed

scientific collaboration, and that facilitate timely information sharing and effective infor-

mation retrieval.

Biological research is highly data-intensive. 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. While the potential gains are undeniable, certain inherent problems run directly
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counter to the highly collaborative nature of scientific investigation. Within the context
of information sharing, scientific advancement is negatively affected by such problems
as information overload, scattering of information, incompatibility of data representation

between different databases, and vocabulary differences between subdisciplines.

New methods in biotechnology facilitate researchers’ gathering of data at the finest
levels of granularity. Numerous genomes are currently being mapped and sequencéd, in-
cluding those of nematode worm, fruit fly, mouse, man, bacteria (E. coli), yeast, loblolly
pine, triticale wheat, and others. The rate of growth for this already vast body of knowl-
edge is estimated to be exponential (Frenkel, 1991). This information overload problem
is further compounded by the parallel, distributed nature of biological research. 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 be-
tween biological subdomains further complicates the problem of information access and
sharing. While there is common terminology among the various subdisciplines for bio-
logical 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 that 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, 1991). Not only does the vocabulary change to represent increased under-
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standing 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.

Information overlo‘ad and the vocabulary problem in scientific research demand the
development of advanced computing techniques. One recent attempt to address the prob-
lems of information overload and vocabulary differences in molecular biology research
is the development of the Worm Community System (WCS) as part of the NSF Col-
laboratory effort (Rosenberg, 1992). 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
knowledge. The system is intended to serve the entire community of worm' biologists
and other related biology and biomedical community members (Schatz, 1992) (Courteau,
1991). The current WCS runs under X-Windows on Unix machines and can also be used

remotely from Sun and DEC workstations and Macintosh personal computers.

In order to address tﬁe vocabulary problem in information retrieval for worm biologists
(both experts and novices), we developed and integrated into the WCS an automatically
generated thesaurus containing domain-specific vocabulary related to the worm (Chen
et al., ress). 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 sec-
ond automatic thesaurus for the domain of Drosophila melanogaster (fruit 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)
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into a different subject domain and identify research documents (e.g., worm literature) of

interest.

Chapter 1 provides an overview of the problem and the project. Chapter 2 present a
literature review of cognitive studies and search aids that address the vocabulary problem.
Chapter 3 describes a concept space approach, which is grounded on cluster analysis and
general Al search algorithms, and provides a summary our previous findings. Chapter 4
reports the results of a cognitive study that investigated the concept (term) association
behaviors of four biologists who are knowledgeable about both fly and worm genetics.
Chapter 5 describes 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 the-
saurus. Both experiments included quantitative measures, statistical analysis, and (verbal)
protocol analysis. Chapter 6 presents conclusions, a discussion of the contributions of
this research, and anticipated future directions for the research. This thesis includes 5
appendices. Appendix A contains the instruments used in our system evaluation stud-
ies.. Appendix B contains a sample verbal protocol from each experiment conducted.
Appendix C presents data resulting from analysis of verbal protocols and session logs.

Appendix D includes a manuscript prepared for publication describing the generation and

evaluation of the fly thesaurus.
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Chapter 2

VOCABULARY ASSOCIATION AND

VOCABULARY-BASED SEARCH AIDS

The problems of information overload and vocabulary difference affect every domain
of human knowledge. Based on research over the past few decades, it has become clear
to information scientists that development of online information retrieval sysfems must
consider the preferences and cognitive processes of the users. In this section, we first
look at some cognitive aspects of vocabulary association. We will then examine several

automated approaches to easing the vocabulary problem in information retrieval.

2.1 Cognitive Aspects of Vocabulary Association

Cognitive studies have contributed greatly to the understanding of human intelligence
and findings related to cognitive processes have significantly influenced the design of

“intelligent” or knowledge-based systems (Newell and Simon, 1972) (Feigenbaum, 1977).
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For the development of information retrieval systems, cognitive studies can be useful in
two ways. First, by understanding how people perceive problems and their various
approaches to problem solving, systems can be created that mimic those “intelligent”
human processes. This is the essence of the General Problem Solver (GPS) in artificial
intelligence (Newell and Simon, 1972) and is the foundation of expert or knowledge-
based systems design (Hayes-Roth et al., 1983). Second, by studying how people use
systems we can identify errors, misconceptions, and problems in those systems, and

remedy them so as to improve system performance. This the realm of evaluation studies

(Chen and Dhar, 1991) (Ramaprasad, 1987).

Both approaches to using cognitive studies have been adopted frequently in infor-
mation retrieval research. While many studies have stressed search strategies (Ide and
Salton, 1971) (McCall and Willett, 1986) (Chen and Dhar, 1991) and user modeling

(Rich, 1983) (Daniels, 1986), this research focuses on the vocabulary association aspects

of information retrieval.

According to Belkin, users of information retrieval systems Bring with them a prob-
lem statement which represents an information need. Inherent in all information needs
are “anomalous states of knowledge” (ASKs) (Belkin et al., 1982a). Through the pro-
cess of performing an information retrieval task, a searcher attempts to resolve those
anomalies through a variety of retrieval strategies. Users’ information néeds are not,
according to Belkin, “preciéely specifiable.” A user’s vocabulary is often richer than is
initially expressed in the problem statement. Palmquist and Balkrishnan (Palmquist and
Balakrishnan, 1988) also found that a fuller vocabulary than that expressed in an initial

problem statement can be elicited from the searcher during “continuous word association

tests.”

In Belkin’s document retrieval system based on ASKs (Belkin et al., 1982a) (Belkin
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et al., 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. As the searcher works through the task,
“the anomaly and the user’s perception of the problem will probably change with each
instance of communication between the user and the system.” Belkin concluded that
information systems must be highly iterative and interactive (Belkin et al., 1982b). 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.”

Several models of human memory association have been suggested wherein knowl-
. edge 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) (Anderson, 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 pfopositions. Overlapping networks, those con-
taining the same nodes, are interconnected parts of a larger network. Human long-term
memory can be represented by such an interconnected network. Retrieval from long-
term memory involves activétion of a memory node. The act of remembering involves
the spreading of activation along paths of associations from the activated node to the
piece of information being sought. The strength of the association paths leading to that
piece of information contributes to the level of activation being spread. Competing paths
reduce the level of activation. This theory of spreading activation has influenced the
design of many knowledge-based information retrieval systems (Shoval, 1981) (Cohen

and Kjeldsen, 1987) (Chen and Ng, ress).
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Anderson proposes that “indexing systems represent attempts to extend the organizing
capabilities of the human mind to these artificial (humanly devised) information storage
and communication systems” (Anderson, 1985b). Human memory and indexing systems
perform three similar functions: they control the number and specificity of concepts; they
relate terms, including synonyms, homonyms, and homographic equivalents, to concepts;

and they connect associated concepts.

2.2 Vocabulary-based Search Aids

Based on mostly cognitive and user studies, query expansion is a well-known search
strategy that searchers often use to improve on the effectiveness of the initial search.
Hancock-Beaulieu (Hancock-Beaulieu, 1992) defines query expansion as “the process
of adding new terms to a given query...for query formulation or reformulation.” She

observes that users “often change or add terms to an original query in the course of a

search session.”

Information retrieval in large document collections often requires query expansion
aids because, as Blair and Maron (Blair and Maron, 1985) contend, “vocabulary problems
make high recall impossible in full-text databases.” Gomez et. al (Gomez et al., 1990)
(Furnas et al., 1987) found in their studies that “searcher success is markedly improved
by greatly increasing the number of names per object.” Query expansion tools have been

shown to be capable of improving retrieval performance significantly.

Many knowledge-based retrieval systems that perform query expansion have been
created. For example, Hancock-Beaulieu (Hancock-Beaulieu, 1992) evaluated the effec-
tiveness of an automatic query expansion facility included in the user interface of OKAPI,

the online catalog at London’s City University, over a six-month period. The tool adds to
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the original query title terms, subject headings, and class numbers of records identified by
the user as being relevant. She found that in searches where it was used, automatic query
expansion accounted for 37% of all records chosen as relevant, and overall for 17%
of all relevant records, including searches that were not expanded. Hancock-Beaulieu

concluded that expanded searches were useful “to a substantial proportion of users.”

Despite many positive results, numerous groups have reported poor results and even
degraded performance with systems offering automatic query expansion, i.e., systems that
automatically add terms to queries without the involvement of the user. Harman (Har-
man, 1988) showed performance degradation when terms from a statistically constructed
thesaurus were added. However, when only those thesaurus terms which occurred in rel-
evant documents were added, retrieval performance improved over that achieved by the

original query. He suggested that the best retrieval performance may have been achieved

when users filtered and selected candidate terms.

Several groups have created vocabulary-based search aids by making use of existing
thesauri or dictionaries. While these tools are able to automatically provide the searcher
with alternate terms to use in searching, they do not overcome the knowledge acqui-
sition bottleneck (Hayes-Roth et al., 1983): the cognitive demand required of humans
(indexers or domain experts) to create thesauri or dictionaries in the first place. (An alter-
native approach to creating vocabulary-based search aids is based on automatic thesaurus

generation, which will be discussed in detail in the next section).

Fox et. al focused on creation of so-called “relational thesauri.” For éxample, CODER
adopted the Handbook of Artificial Intelligence and Collin’s Dictionary (Fox, 1987) (Fox
et al., 1988). Ahlswede and Evens parsed (Ahlswede and Evens, 1988) 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
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of Murray’s Oxford English Dictionary into a thesaurus-like 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. In (Chen and Dhar, 1991), Chen and Dhar incorporated a por-
tion of the Library of Congress Subject Headings (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 Re-

view Classification System) and an automatically-generated computing-specific thesaurus

(Chen et al., 1993) (Chen and Ng, ress).

The National Library of Medicine’s Unified Medical Language System (UMLS) project
is probably the largest-scale effort 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 (McCray
and Hole, 1990) (Lindberg and Humphreys, 1990). The UMLS includes a Metathe-
saurus (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.
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Chapter 3

THE CONCEPT SPACE APPROACH TO

AUTOMATIC THESAURUS GENERATION

Numerous investigators have developed algorithmic approaches to automatic the-
saurus generation. Most of these approaches employ techniques that compute coefficients
of “relatedness” between terms using statistical co-occurrence algorithms (e.g., cosine,
Jaccard, Dice functions) (Chen and Lynch, 1992) (Crouch, 1990) (Saiton, 1989) (Ras-
mussen, 1992). Some algorithms, however, perform cluster analysis to further group
terms of similar meanings (Everitt, 1980) (Rasmussen, 1992). Two assumptions underlie
these techniques. First, terms that frequently occur together in documents are often about
the same subject. This assumption appear§ to be consistent with how human beings ar-
ticulate ideas and express knowledge (as chunks of similar concepts). Second, according
to van Rijsbergen’s association hypothesis, “if an index terrh is good at discriminating
relevant from non-relevant documents, then any closely associated index term is also

likely to be good at this” (Rijsbergen et al., 1981).

Stiles (Stiles, 1961) was one of the early researchers who reported improved retrieval
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performance using a method based on term association (with collections of librarian-
applied subject tags). Doyle (Doyle, 1962) further argued that the principles underlying
association-based retrieval should apply whether the associations are determined by hu-
mans or by machines (programs). He suggested that, “if human associative proceéses
are responsible for the associations found in text, then the reverse relationship should
hold: that a hui’nan searcher, presented with a representation of text;derived associations,
will be able to recognize as cognitive units many of the associated word pairs.” Courtial
and Pomian (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. “From the moment when the keywords
indexing the documents of a database can be organized into associative networks, it is
possible to breach the frontiers of their immediate domains of activity.” Associative
networks gleaned through textual analysis, they argued, facilitated innovation by making

obvious associations that would otherwise be impossible for humans to find on their own.

In early research (Lesk, 1969), Lesk found little overlap existing between term re-
lationships generated through term associations and those presented in existing thesauri.
He purposely distinguished between “locally significant pairs” and those that are “sig-
nificant in the absolute sense,” the former making up the majority of term associations.
He pointed out that these local pairs would not be useful for thesaurus construction, but
“can point out word relations not normally apparent.” He conceded, however, that “in
larger collections, the apparent meanings of words may approximate their common mean-
ings more closely.” With regard to term relationships, the properties of “second-order
associations” were also investigated. These are word pairs which need not co-occur in
any documents, but rather have common first-order associations with a given term. We
believe Lesk’s concepts of collection completeness for cabturing meanings of words and

the second-order association properties are important but have often been overlooked in
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prior research. (We will discuss this in more detail below.)

More recently, Crouch and Yang (Crouch and Yang, 1992) automatically generated
thesaurus classes from text keywords, which can subsequently be used to index docu-
ments 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). Thesaurus “classes” are then formed

from the low frequency terms of document clusters that pass a threshold value.

Ekmekcioglu et al. (Ekmekcioglu et al., 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 similarity measure
(based on similar character microstructure), respectively. The four approaches produced
509 (original queries), 526 (term co-occurrence), 518 (Soundex), and 534 (string) docu-
ments, respectively. They concluded that there were no significant differences in retrieval
effectiveness among these expansion methods and initial queries. However, a close ex-
amination of their results revealed that there was a very small degree of overlap between
the retrieved relevant document generated by the initial queries and those produced by
the co-occurrence approach (19% overlap using the Dice coefficient). This suggests that
search performance may be greatly improved, i.e., a searcher can almost double the num-
ber of relevant documents retrieved, if a searcher can select and use the terms suggested

by a co-occurrence thesaurus in addition to the terms he/she has generated.
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3.1 Principles: The Concept Space Approach

Despite research over the past three decades, there has been a lack of clear demon-
stration of the usefulness of using terms generated by co-occurrence analysis. Some
research has shown that co-occurrence terms produce poor retrieval results when used
in a fully automatic way (i.e., automatic query expansion) (Minker et al., 1972) (Peat
and Willett, 1991) (Smeaton and van Rijsbergen, 1983). However, recall improvements
of the order of 10 to 20 percent have been demonstrated when the thesaﬁrus is used in
an environment similar to that in which the original thesaurus was constructed (Salton,
1972) (Crouch, 1990) (Salton and Lesk, 1971). 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 the-
sauri) automatically requires a clear understanding of the following system development
principles: logarithmic vocabulary growth, completeness and recency, term specificity,
asymmetric association, relevance feedback, vocabulary overlapping, and spreading acti-
vation. Many of these principles are based on the human information processing theory

(Newell and Simon, 1972) (Card et al., 1983) (Anderson, 1985a).

Based on these principles, we refer to our approach to automatic thesaurus generation
as a concept space approach because our goal is to create a meaningful and understandable
concept space (a network of terms and weighted associations) which could represent
the concepts (terms) and their associations for the underlying information space (i.e.,

documents in the database) . We review these principles below in the context of our

research:
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¢ Logarithmic vocabulary growth principle:

The most important rationale behind automatic thesaurus generation is related to
the information overload problem. Lancaster has shown that the rate of growth
for information (i.e. documents) continues at an exponential pace, while the cor-
responding rate of growth over the same period of time for number of concepts
(keywords and terms) converges logarithmically (Lancaster, 1986). This principle
appears to be applicable to different scientific domains and is particularly relevant
in light of the rapid proliferation of Internet servers and distributed databases. We
believe that, as information space continues to grow at such an alarming pace, the
logarithmically converged concept space (network of domain-specific concepts and
their associations) provides a manageable and understandable way to find (concep-

tually) relevant documents from a vast amount of online information.

Completeness and recency principle:

As we have discussed earlier, early information science researchers such as Lesk
have suggested the importance of large document collections for generating auto-
matic thesaurus (Lesk, 1969). This is especially true when considering the logarith-
mic vocabulary growth principle described above. If a collection which is used to
generate an automatic thesaurus is limited, it is impossibie to reach the plateau (or
convergence) on the 10garithmi<£ curQe. Many prévious automatic thesaurus gener-
ation studies which used only selected collections and/or samples of documents in

a subject domain suffered from a lack of completeness in document collections.

In addition to the size consideration, researchers need to be aware that completeness
is subject dependent. For a small subject domain (such as the worm biology, which
has a short history and limited number of researchers (Chen et al., ress)), several

thousand documents could be considered “complete” in light of all the publications
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generated in so limited a domain. However, for a more general and large subject
area (such as computer engineering (Chen and Schatz, 1994)), creating a complete

domain-specific thesaurus may require using millions of documents.

For many scientific domains, the fluidity of concepts and vocabularies places a
special burden on thesaurus builders (Frenkel, 1991). A manual approach to sci-
entific thesaurus building often fails due to the lack of specificity and timeliness in
representing new and emerging scientific concepts and knowledge. For automatic
thesaurus generation, special emphasis should be placed on identifying complete
recent collections. Although some scientists may use a document collection from
a historical perspective (and thus are interested in old documents and using old
vocabularies), the majority of the scientists (such as the molecular biologists) are
likely to be more interested in finding new and ongoing research in their subject
areas. When a scientific subject domain is too vast to identify a complete collec-
tion for automatic thesaurus generation, recent documents in the subject area may

become more important for purposes of scientific collaboration and information

sharing.

As computing resources become more abundant, we believe sampling of documents
for automatic thesaurus generation is unnecessary and that collecting a complete
and recent document set from existing online sources should be the first step toward

creating a robust and useful domain-specific thesaurus.
Term specificity principle:

Most prior automatic thesaurus generation studies relied on automatic indexing
techniques (Salton, 1989) (Ekmekcioglu et al.,, 1992). Words were identified,

stemmed, and combined to produce descriptors (automatic indexes of single or

multiple keywords) to represent the content of a document. The process is simple

s s e S e A




26

and domain-independent, and does not require the extensive linguistic or domain-
specific knowledge that is often essential for artificial intelligence based natural

language processing (NLP) (Woods, 1972) (Fillmore, 1968) (Burton, 1976).

Despite its simplicity, automatic indexing may produce significant amounts of

“noise,” e.g., typos, meaningless acronyms, general terms, and random permu-
tation of adjacent terms. Special attention needs to be paid to generate specific
and meaningful terms and a combination of techniques needs to be used. Term
Sfrequency and inverse document frequency are required to reward terms that are
specific. Empirical thresholds (of term occurrences) should be adopted to remove
terms that are incidental typos or random term permutations. Modification of stem-
ming algorithms need to be performed to accommodate the special characteri.stics

of applications (for example, cloning and clones are two related but different bio-

logical concepts, thus should not be stemmed to the same root form, clone).

One important observation from our past research has been appreciation of the
abundance and availability of existing vocabulary lists and their importance for
identifying specific and useful domain-specific concepts. For most subject domains,
subject indexes and researcher names often can be obtained easily by scanning
the entries at the back of textbooks or technical manuscripts. The white page
service and various distributed sources on Internet also make available lists of
domain-specific vocabularies such as subject terms, researcher narﬁes, company
names, gene names, experimental methods, and so on. In almost every application
domain that we have studied, including Russian computing (Chen and Lynch, 1992),
business (Chen et al., 1994a), worm biology (Chen et al., ress), ﬂy biology (Chen
et al., 1994b), engineering (Chen and Schatz, 1994), we havevfound extensive
vocabulary lists that can help identify specific content descriptors in a document.

(We refer to this process as object filtering in our research.) By applying the
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combination of object filtering and careful automatic indexing, we found that the

resulting automatic thesauri were often less noisy and more useful for users of the

specific domains.

Asymmetric association principle:

Human memory association is asymmetric by nature (Anderson, 1985a). That is,
the strength of the association from term A to term B is often different from the
strength of association from term B to term A (for example, it is much easier to
associate “net” with “volleyball” than “volleyball” with “net”). This characteristic
is also evident in scientific information retrieval. For example, when looking
for work related to a researcher named “Mary Smith,” a searcher is likely to
find articles specifically related to her investigations in the area of “embryonic
development;” but when performing a search using “embryonic development,” it
is unlikely that documents related to “Mary Smith” will be retrieved because a

multitude of biologists study embryonic development (an example from our recent

experiment in molecular biology).

However, this asymmetric association property of human memory and information
retrieval had not been considered in most prevailing similarity functions. The
limitation of the popular symmetric similarity functions, e.g., cosine, Dice, and
Jaccard’s, have been reported recently by Peat and Willett (Peat and Willett, 1991).
Their research showed that similar terms identified by symmetric co-occurrence
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’ finding that the
best retrieval results were obtained if only the less frequently occurring terms were

clustered and if the more frequently occurring terms were left unclustered (related
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to the specificity principle discussed above).

We echo their observations and, in fact, we have independently reached the same

conclusion through our experience in developing automatic thesauri and working-

with domain experts in several applications (the thesauri generated in our research
were often the results of iterative 'prototyping and refinement based on cognitive
studies performed with the domain experts and their suggestions). An asymmetric
similarity function was developed and shown to be more accurate in representing
human memory association than the popular cosine function (Chen and Lynch,
1992). More recently, further modification was made to reward related terms that
are specific (a revised inverse document frequency function was used to reward
specific terms and penalize general terms during co-occurrence analysis) (Chen
et al., ress). This asymmetric similarity function has since become an integral part

of our proposed concept space approach to automatic thesaurus generation.

In some system development efforts, more elaborate hierarchical clustering meth-
ods (Rasmussen, 1992) (Crouch and Yang, 1992) and/or neural network grouping
techniques (Chen et al., 1994a) may be performed following co-occurrence analysis
to produce clusters of similar terms. While this type of analysis is appropriate for
abstraction and categorization purposes, the outputs often lack the intuitive asso-
ciation between concepts and are incomprehensible to users seeking to expand a
query. In our experience, weighted, asymmetric networks of concept pairs, akin
to human-made thesauri, appear to be more intuitive and easier for searchers of

varying backgrounds to use.
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¢ Relevance feedback principle:

Harman (Harman, 1988) suggested that the best retrieval perfomiance was achieved
when users filtered and selected candidate terms. Croft and Das (Croft and Das,
1990) also reported significant improvements in effectiveness of expanded queries
when users are prompted for additional terms that can be used in the search. Au-
tomatic term replacement or switching is often misleading and impractical, consid-
ering the unique context and backgrounds that different searchers might have. We
believe an interactive relevance-feedback process of term selection is essential to
the effective usage of automatic thesaurus. (Human information specialists have
been observed to perform extensive user modeling and query articulation when

assisting patrons in using an existing thesaurus (Chen and Dhar, 1987).)

Vocabulary overlapping principle:

Numerous investigators in information retrieval have suggested the idea of “switch-
ing” languages, which could be consulted either automatically or manually, to
aid searchers in performing multiple-database searches. Lancaster, in discussing
compatibility and convertibility of vocabularies between databases, contended that
because controlled vocabularies tended to promote internal consistency within indi-
vidual databases and information systems, they often reduced compatibility between
systems (Lancaster, 1986). Lancaster suggested that a “neutral switching language”
can be used to convert from any one vocabulary into another. While he was clearly
referring to a manually developed switching language, his notion of an “interme-
diate lexicon” is the conceptual basis of our approach to bridging the vocabulary

differences between different scientific domains.

For scientific collaboration and information sharing across different domains, multi-

ple domain-specific thesauri (existing or automatically generated) need to be created
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and coupled in order to assist in cross-domain term switching. The overlapping
vocabularies in different, but somewhat related domains (e.g., fly biology and worm
biology, computer science and electrical engineering) create potential vocabulary
paths from one domain to the other, which can bridge the vocabulary differences

during information retrieval.

The vocabulary overlapping principle is also the rationale behind the National Li-
brary of Medicine’s UMLS project for automatically suggesting biomedical terms
for different databases (McCray and Hole, 1990) (Lindberg and Humphreys, 1990).
Chen et al. experimented extensively in generating, integrating, and activating mul-
tiple thesauri (some were existing thesauri, others automatically generated, all in
computing-related areas) (Chen et al., 1993) (Chen and Ng, ress). In order to as-
sist in cross-domain scientific information sharing, we believe we need to create a
domain-specific thesaurus for the underlying database (e.g., a worm thesaurus for
the Worm Community System) and several related thesauri for other community
outsiders (e.g., fly thesaurus, rat thesaurus, e. coli thesaurus, etc.). These concept
spaces will overlap and provide vocabulary paths for supporting cross-domain in-
formation retrieval. This paper will report in detail an experiment which aimed

to assist fly biologists in retrieving worm documents using a conjoined fly-worm

thesaurus.
Spreading activation principle:

During the course of designing several large-scale, domain-specific thesauri, we
found that the most frequent complaints from users who performed term switching
manually (i.e., in a user-controlled browsing mode) was that the process was tedious
and cognitively demanding and that users often got lost after exploring a number of

concepts. These browsing problems are not unfamiliar to developers of large-scale
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hypertext systems, e.g., the embedded digression problem (a system may confuse
and disorient its user) and the art museum phenomenon (a system could cause the

user to spend a great deal of time while learning nothing specific) (Foss, 1989)
(Carmel et al., 1992).

Causes of such problems may be related to the second-order association described
by Lesk (Lesk, 1969). Some terms may be related indirectly via their common
associations with another term. Humans often perform such multiple-link associa-
tions (e.g., A is related to B, which in turn is related to C; C is related to both A and
B) during problem solving or long-term memory recall, a process frequently re-
ferred to as spreading activation (Anderson, 1985a). Both Kim and Kim (Kim and
Kim, 1990) and Chen et. al (Chen et al., 1993) proposed treating a thesaurus as a
neural network or semantic network and applying spreading activation algorithms.
Despite the lack of published research that supports the usefulness of spreading
activation algorithms for term suggestion (Jones et al., 1995), our recent experi-
ment revealed that activation-based term suggestion was comparable to the manual
thesaurus browsing process in document recall and precision, but that the manual
browsing process was much more laborious and cognitively demanding (Chen and
Ng, ress). Our proposed algorithmic approach to assocfative retrieval appeareq to

be a viable option for efficiently traversing large-scale, multiple thesauri across

different domains.
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3.2 Techniques: The Concept Space Approach

Based on the seven principles described above, we developed selected algorithms for
automatic thesaurus generation. We believe our concept space approach, if applied prop-
erly, can be extremely powerful in capturing the domain knowledge in textual databases
and creating an environment for concept-based information management and retrieval.
The specific steps and algorithms adopted include: document and object list collection,

object filtering and automatic indexing, cluster 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 and Lynch, 1992)

(Chen et al., 1993) (Chen et al., 1994a) (Chen et al., ress) (Chen et al., 1994b) (Chen
and Ng, ress).

¢ Document and object list collection:

In any automatic 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.

In (Bates, 1986), Bates proposed a design model for subject access in online cata-
logs. 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
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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 docu-
ments dating back to 1974), and conference proceédings 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 genefics domain, our collections (identified through the
helps of several worm biologists at the Arizona Worm Lab) were considered com-
plete. On the other hand, the Drosophila community is one of the oldest groups
in biological research. We were able to collect only recent online docurhents for
thesaurus generation: 5,854 abstracts from Medline and Biosis (1983-1993). How-
ever, 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 Univer-

sity). These vocabulary sources were also identified with the help of various fly

biologists.

Object filtering and automatic indexing:

For each online document, we first identified terms that matched with terms in
our known vocabularies, a process referred to as object filtering. Because after
object filtering the remaining texts may still contain many important concepts, an
automatic indexing procedure then followed. In (Salton, 1989), Salton presents a

blueprint for automatic indexing, which typically includes dictibnary look-up, stop-
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wording, word stemming, and term-phrase formation. The algorithm first identifies
individual words. Then, a stop-word list is used to remove non-semantic 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., ress), we have made several changes
to the above automatic indexing process and have fine-tuned our algorithms accord-
ing 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. elegans
will not be stemmed to C. elegan, which is ungrammatical, etc. We created a sep-
arate 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. We also included alleles for genes since a gene
and a gene with allele have different meanings, e.g., daf-9 and daf-9(e1406). We
believe these revisions were essential for identifying specific biological concepts

and creating precise and useful thesauri.

Cluster 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, tfij,

represents the number of occurrences of term j in document :. Document fre-
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quency, df;, 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 document frequency 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 ourvresearch, 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 ¢, d;;, based on the

product of “term frequency” and “inverse document frequency” as follows:
dij=1tfij x log('&% X wj)

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 conveyed

more precise semantic meaning than single-word terms.

We then performed term co-occurrence analysis based on the asymmetric “Cluster
Function” developed by Chen and Lynch (Chen and Lynch, 1992). We have shown
that this asymmetric similarity 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.
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ClusterWeight(T;,Tx) = “z::‘?—cfi”k x WeightingFactor(T})
=1 Gij

ClusterWeight(Tx, T;) = zz:i" (Z’ x WeightingFactor(T;)
1

These two equations indicate the similarity weights from term T} to term T} (the
first equation) and from term T} to term T ( the second equation). d;; and d;; were
calculated based on the equation in the previous step. d;ji represents the combined

weight of both descriptors T and T} in document i. d;jx is defined similarly as

follows:
dijk = tfijx % log (% X wy)

where % f;j; represents the number of occurrences of both term j and term k in
document  (the smaller number of occurrences between the terms was chosen).
dfx 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
lOg -‘if;
Weighting Factor(Ty) = Tog

log X
WezghtmgFactor(T)- ggdf’
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Terms with a higher dfy value (more general terms) had a smaller weighting fac-
tor value, which caused the co-occurrence probability to become smaller. In ef-
fect, general terms were pushed down in the co-occurrence table (terms in the
co-occurrence table were presented in reverse probabilistic order, with more rele-
vant terms appearing first). This refinement was implemented after we tested our
initial implementation with several biologists. They found that some very generalv
(but not useful) terms, e.g., C. elegans, development, etc. were still suggested
by the automatic thesaurus (at the top of the co-occurrence table). After impos-

ing this penalty factor, the thesaurus was able to make more precise and specific

suggestions.

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 branch-
and-bound algorithm and the parallel Hopfield net algorithm, respectively (Chen

and Ng, ress). The Hopfield algorithm, in particular, has been shown to be ideal

for concept-based information retrieval.

The Hopfield net (Hopfield, 1982) was introduced as a neural network that can
be used as a content-addressable memory. Knowledge and information can be
stored in single-layered, interconnected neurons (nodes) and weighted synapses
(links) and can be 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 (Tank and

Hopfield, 1987) (Knight, 1990) and was first adopted for concept-based information

retrieval in (Chen et al., 1993),
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Each term in the network-like thesaurus was treated as a neuron and the asym-
metric weight between any two terms was taken as the unidirectional, weighted
connection between neurons. Using user-supplied terms as input patterns, the Hop-
field algorithm activated their neighbors (i.e., strongly associated terms), combined
weights from all associated neighbors (by adding collective association strengths),
and repeated this process until convergence. During the process, the algorithm
caused a damping effect, where 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 activation process.

The Hopfield net algorithm relied on an activate and iterative process, where

n—1

i+ = £ tim®)], 0<j<n—1
1=0

pj(t + 1) is the activation value of neuron (term) j at iteration ¢ + 1, %;; is the co-
occurrence weight from neuron : to neuron j, and f; is the continuous SIGMOID
transformation function, which normalizes any given value to a value between
0 and 1 (Knight, 1990) (Dalton and Deshmane, 1991). This formula shows the

parallel relaxation property of the Hopfield net. (Readers are referred to (Chen

and Ng, ress) 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 allevi-
ating the vocabulary problem in scientific retrieval, we provided only a graphical
user interface for browsing the fly and worm thesauri created for the Worm Com-
munity System. Our ongoing work involves incorporating the associative retrieval

component in several large-scale, operational systems (Chen and Schatz, 1994).
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3.3 Prior Results: Worm 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 two years, we generated a worm thesaurus in Fall 1993 (Chen et al,,
ress) 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 at:

http://bpaosf.bpa.arizona.edu:8000/cgi-bin/BioQuest.

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 thesauri on a DEC Alpha 2100 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 30% of their subject
descriptors overlapped (Table 3.3). Not surprisingly, we found little overlap in author or
gene names. Overall, about 10% of the fly terms overlapped with worm terms and about
21% 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 GUI interface) on the operational Worm Community


http://bpaosf.bpa.arizona.edu:8000/cgi-bin/BioQuest

Objects Fly Overlap Worm
Total fly | % Overlapping || common || % Overlapping | Total worm
terms with worm terms with fly terms
Author 8,153 3.21% 262 12.52% 2,092
Function 224 14.29% k7 100.00% 32
Gene 3,315 0.39% 13 1.54% 845
Subject 3,935 30.93% 1,267 27.03% 4,688
[Tt || 15626 | 1008% || 1574 || 2056% | 7657

Table 3.1: Number of overlapping terms between fly and worm thesauri

System and investigating the retrieval performances (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).

A manuscript describing the generation and evaluation of the fly thesaurus is appended
to this thesis (Appendix E). In that study, the author was responsible for creating the doc-
ument collections underlying thesaurus (FlyBase files, and Medline and Biosis records),

and for conducting and analyzing the results of the thesaurus evaluation experiments,

including development of the taxonomy of 'system probléms.
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Chapter 4

FLY-WORM THESAURUS TRAVERSAL

EXPERIMENT

4.1 Experimental 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 inférences 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 members;
the worm subjects were both graduate students. Subjects identified pairs of terms — one
term from the fly domain, one from worm — 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 were tape recorded and
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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 five 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 5 traversals, to 1 hour

30 minutes for one graduate student who completed 3 traversals.

4.2 A Sample Traversal and Analysis of Traversal Graphs

Figure 4.1 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 Vtraversal may be 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 cell fate determinants within signal transduction pathways and they encode receptor
protein kinases, which are located on the cell surface (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: vulval development in
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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.

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 fly-worm 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 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 4.1, components of all term phrases were found, however only

“vulval development” was found as a complete term phrase.
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4.3 Experimental Results: Matching Terms and Associa-

tions in Thesaurus

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 com-

ponent words and phrases making up the suggested phrase. Results of our analysis are

summarized below:

¢ A large percentage of the worm and fly terms were found in the thesaurus:

Tables 4.1 and 4.2 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, regard-
less 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.
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Subject || Object Worm Specific Fly Specific Common Term Total | Percent Found
Found/Suggested | Found/Suggested | Found/Suggested {|] Found/Suggested
Author 22 1/1 0/0 3 100%
Worm Function 0/0 0/0 0/0 0/0
Experts || Gene 8/8 6/11 0/0 14/19 73.7%
Subject 1/4 173 26/47 28/54 51.8%
Total 11/14 8/15 26/47 45176 59.2%
Percent 78.6% 53.3% 55.3% 59.2%
Author 0/0 0/0 0/0 0/0
Fly Function 0/0 0/0 0/0 0/0
Experts || Gene 8/8 8/10 29 1827 66.7%
Subject 6/6 26 16/31 24/43 55.8%
Total 14/14 10/16 18/40 42770 60.0%
Percent 100% 62.5% 45.0% 60.0%
Author 22 11 0/0 n 100%
Function 0/0 0/0 0/0 0/0
Overall || Gene 16/16 14121 29 32/46 69.6%
Subject mno 39 42178 52/97 53.6%
Total 2528 18731 44/87 47/146 59.6%
Percent 89.3% 58.1% 50.6% 59.6%

Table 4.1: Number of nodes (whole phrases) found in conjoined fly-worm thesaurus
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Subject || Object Worm Fly Common Total | Percent Found
Found/Suggested | Found/Suggested | Found/Suggested {| Found/Suggested
Author 22 i 0/0 33 100%
Worm Function 0/0 0/0 pJp 22 100%
Experts || Gene 8/8 611 0/0 14/19 73.7%
Subject 6/8 5Is 61/68 7281 88.9%
Total 11/14 8/1s 26/47 91/105 86.7%
Percent 88.9% 73.5% 90.0% 86.7%
Author 0/0 0/0 0/0 0/0
Fly Function 0/0 0/0 0/0 0/0
Experts || Gene 8/8 8/10 2/9 1827 66.7%
Subject 6/6 10/10 61/68 77/84 91.7%
Total 14/14 18120 61/68 95/111 85.6%
Percent 100% 90.0% 89.7% 85.6%
Author plp) 1/1 0/0 i3 100%
Function 0/0 0/0 22 22 100%
Ovenall || Gene 16/16 1421 29 31/46 69.6%
Subject 12/14 15/15 122/136 149/165 90.3%
Total 30/32 30137 124/147 1857216 85.6%
Percent 93.8% 81.1% 84.3% 85.6%

Table 4.2: Number of nodes (partial phrases) found in conjoined fly-worm thesaurus
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e A small percentage of the term associations were found in the thesaurus:

Fig.ure 4.3 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). Bascd on whole phrages suggested by subjects, 8.4% of
links were found in the conjoined theslz;urus (for a total of 381 links/associations).
When searching the thesaurus using partial phrases, 18.1% of possible links to
other subsets were identiﬁe'dv(for a total of 543 links/associatiohs). This indicated
a difference between the way terms were associated in the biologists’ long term
memory and the way they were associated in the thesaurus. However, the thesaurus
may have served as an additional query expansion aid to augment a biologist’s

long-term memory. (This hypothesis was tested in the next experiment.)

o Terms associations were bidirectional:

Finally, we considered the directionality of links, comparing links flowing from
domain-specific terms to common 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.

4.4 Experimental Results: Traversal Behavior

The traversal graphs and verbal protocols were analyzed to determine subjects’ heuris-

tics for traversing from one domain into the other.
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Subject j| Link Partial Phrases Whole Phrases
Subject Suggested | Additional Found || Subject Suggested Additional Found
fly - fly 217 0 0/7 3
Worm fly - common 6/56 2 233 0
Experts common - fly 9/63 2 236 3
common - common 0/0 60 3139 3
common - worm 13/57 1 3/36 5
worm - worm 5/10 1 4n 4
worm - common 12/66 0 236 3
Total 47259 66 15/182 21
Percent 18.1% 82%
fly - fiy 3/10 1 26 0
Fly fly - common 15/67 4 3738 0
Experts common - fly 2 6 4/42 1
common - common 0/0 43 1733 8
common - worm 14/63 4 1739 1
worm - worm 28 4 4/9 1
worm - common 12/64 4 232 1
Total 537284 66 15/182 21
Percent 18.7% 17/199
fly - fly 517 1 213 3
fly - common 21/123 6 5m 0
Overall common - fly 16/135 8 6/78 4
common - common 0/0 103 472 6
common - worm 27/120 5 ars 6
worm - worm 718 5 8/16 S
worm - common 24/130 4 4/68 4
Total 100/543 133 32381 33
Percent 18.1% 8.4%

Table 4.3: Number of suggested links found in conjoint thesaurus
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e Most traversals used only one intermediate node:

Both fly and worm experts generally used just one intermediate node when travers-
ing between the two domains: 66% of worm subjects’ traversals and 72% of fly
subjects’ traversal. Overall, 69% of traversals used one intermediate term, 13%
used two intermediate terms, and 18% 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%). It appeared that the biologists’

term spreading activation often involved limited levels of links, i.e., 2-3 links for

the majority of the cases.

o Terms associations were context-driven:

In creating associations between related terms, subjects often pointed out specific
similarities and/or differences between the two initially identified (source and tar-
get) 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 dif-
ferent) 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
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 associations:

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
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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 con-
joined fly-worm thesaurus indicated a strong likelihood that users can “dock” onto to the
concept space easily (using Bates’s terminology (Bates, 1986)). However, the association
links suggested by the thesaurus were often different from those provided by the sub-
jects. The usefulness of the thesaurus associations needed to be investigated, especially

for cross-domain scientific information retrieval.
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Chapter 5

FLY-WORM-WCS DOCUMENT RETRIEVAL

EXPERIMENT

5.1 Experimental 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. A simple GUI interface that was
incorporated allowed subjects to browse the thesaurus. 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

performed searches using the Worm Community System, with the aim of identifying
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useful or relevant worm documents in response to a Drosophila-related query. For com-
parison, 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 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 experi-
menter. 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 one and two
hours for their queries. The super-expert, a Drosophila researcher (faculty) with over 10

years of experience in the field, spent almost ten hours in reviewing all the results.
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Figure 5.1: “Search all” using sis-b

5.2 A WCS Sample Search

A sequence of query operations for worm documents related to a gene known in the
fly domain as sisterless-b (abbreviated as sis-b) is shown in Figures 5.1, 5.2, 5.3, 5.4, 5.5,
5.6, 5.7, and 5.8. A fly researcher approaching the Worm Community System entered
the fly gene name “sis-b,” and clicked on the “Search All” button (highlighted in white,
Figure 5.1) to activate a search of the worm database. Moments later another window
was displayed containing the search results (Figure 5.2). Four items, all documents (as
indicated by the object type indicator DOC), were retrieved. The user looked for clues
as to the relevance of the items by reading the titles and/or full text of the document (the
items can be “opened” by double clicking on the title). Convinced that none satisfied
the query, the user went back to the “WCS Search Window” and activated the thesaurus

(highlighted in white, Figure 5.3). Soon, the Thesaurus Window appeared (Figure 5.4).
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Figure 5.4: Terms related to sis-b
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Figure 5.5: Terms related to sex determination and signal
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Figure 5.7: Results of search for sdc-1
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Figure 5.8: Results of search for sdc-1 AND signal

The query term “sis-b” appeared in the “Query Terms” box and related terms were
displayed in the “Result Terms” box. High on the list were “Sisterless-b”, the full name
of the gene, and two very closely related fly genes (sc and Sxl). The names of two
researchers (Cline, T. and Bopp, D.), and several terms indicative of the gene’s function:
“SIGNAL,” “SEX DETERMINATION,” “SEX-LETHAL,” “X” (the X chromosome),
and “DEVELOPMENTAL DISTRIBUTION” also appeared. The user, stating an interest
in ﬁnding documents about worm genes involved in sex determination that function in
signaling pathways, highlighted “SEX DETERMINATION” and “SIGNAL” and clicked
on “Add to Query” to add each to the “Query Terms” box. The user removed “sis-b”
from the list using the “Remove from Query” button to the right of the “Query Terms”
box, then clicked on the “More Related Terms” button at the top of the interface. On the
new list of system-suggested terms (Figure 5.5), the user found the gene name “SDC-1.”

The user stated an interest in finding documents about the role of sdc-1 as a signaling
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prdtein and entered “sdc-1” in the WCS Search window (Figure 5.6), ‘which retrieved 38
documents (Figure 5.7). Considering this too large a set, the user added “SIGNAL” to

the query, using the Boolean operator “and.” This retrieved a set of three documents, all

of which the user found relevant (Figure 5.8).

5.3 Experimental Results: Relevant 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. Results of this

experiment are summarized below:

¢ The conjoined thesaurus helped find more relevant documents:

Results from calculation of relevant documents retrieved, presented in Figure 5.9,
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 totai of 19.93 relevant documents, almost doubling
the number of documents retrieved. The additional relevant documents retrieved
using the thesaurus did not duplicate much with the set of documents retrieved
without the use of the thesaurus. One-way analysis of variance (ANOVA) using the

MINITARB statistical package (Ryan et al., 1985) showed that this improvement was
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ANALYSIS OF VARIANCE

SOURCE DF Ss Ms F

p
FACTOR 1 869 869 3.89  0.059
ERROR 26 5803 223

TOTAL 27 6672

INDIVIDUAL 95 PCT CI'S FOR MEAN
BASED ON POOLED STDEV

LEVEL N MEAN STDEV -—---=—--~= tommmm—eee R o

Docs without 14 8.79 10.61 [EE L )

Docs with 14 19.93 18.27 (== e )
---------- b m e b e e b —————

POOLED STDEV = 14.94 8.0 16.0 24.0

Figure 5.9: ANOVA analysis for relevant documents

statistically significant (P=0.059). (In all our analysis, a 10% statistical significance

level was adopted.)

The conjoined thesaurus helped improve document 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. As shown in Figure 5.10, the average
recall was 32.41% without use of the thesaurus and 65.28% with the thesaurus.

This improvement in recall was statistically significant (P=0.015).

The conjoined thesaurus did not improve document precision:

Figure 5.11 shows the results of precision computation for all subjects. The over-
all precision was 43.51%' without the thesaurus and 53.48% with the thesaurus.

However, this improvement was not statistically significant (P=0.477).

'The sample size for precision computation was 13 instead of 14 because one subject did not identify
any relevant documents during his initial search without the thesaurus.
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ANALYSIS OF VARIANCE

SOURCE
FACTOR
ERROR
TOTAL

LEVEL

Recall without

DF

1
26
27

Recall with

POOLED STDEV =

Ss MS v F P
0.756 0.756 6.72 0.01S
2.925 0.112
3.681

INDIVIDUAL 95 PCT CI'S FOR MEAN
BASED ON POOLED STDEV
N MEAN STDEV -===4-c--e-oe- Fommemme—e tomm—————— Rt

14 0.3241  0.3391  (===----- e )
14  0.6528  0.3316

0.3354 0.20 0.40 0.60 0.80

Figure 5.10: ANOVA analysis for recall

ANALYSIS OF VARIANCE

SOURCE
FACTOR
ERROR
TOTAL

LEVEL

DF

1
25
26

Precision w/o

Precision with

POOLED STDEV =

SS MS F P
0.067 0.067 0.52  0.477
3.221 0.129
3.288

INDIVIDUAL 95 PCT CI’S FOR MEAN
BASED ON POOLED STDEV
N ' MEAN STDEV ----- +-;-; ----- o e e o o e e tommmmm———— +-
13 0.4351 0.3845 (~==m=e-—mcea- Femoeecaner—a— )
14 0.5348  0.3336

0.3590 0.30 0.45 0.60 0.75

Figure 5.11: ANOVA analysis for precision
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5.4 Experimental Results: Search Behavior

In addition to the quantitative analysis for the experiment, verbal protocols and com-

ments 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 stan-
dard information science measures, we often found that the concept of “relevance”
is very subjective and holds different meaning 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 documents relevant to
the queries articulated by the subjects, regardless of the type of document retrieved
and without knowing other unspecified constraints or visceral needs of the subjects.
So even though our experimental results were positive, thc retrieval behaviors of

subjects in an operational environment may still vary significantly.

e Most queries were about learning worm biological system or homologue:

The queries articulated by the subjects fell into several categories. However, most
queries (27 out of 36) were either aimed toward learning what is known about
a particular biological system in the worm or toward determining the name of a
worm homologue for a fly gene of interest. Certain query 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

don’t exist in worms, e.g., genes or proteins related to wing function (the fly has

wings, but not the worm).



e 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 werstaned with
“wingless,” and it just sort of reminded you that you should look for “wnt” as
well. So, that’s actually useful for that case. You still have to know enough to
recognize what "wnt” 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 nec-
essary 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 sev-
eral 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.” This sort of

trial-and-error approach, resulting from serendipitous discovery, while educational,

was not very efficient.

e 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
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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.
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Chapter 6

CONCLUSIONS

Information overload and the vocabulary problem in scientific research demand the
development of advanced computing techniques. This paper has presented a concept
space approach to addressing the vocabulary problem in scientific collaboration and in-
formation sharing, using molecular biology domain as an example. We first provide a
literature review of cognitive studies related to the vocabulary problem and vocabulary-
based search aids first. 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 was then described to provide a theoretical foundation for

query expansion in information retrieval. . . _ |

Despite many positive r'ésults, numerous groups have also 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 seven important principles for automatic thesaurus
generation: logarithmic vocabulary growth, completeness and recency, term specificity,

asymmetric association, relevance feedback, vocabulary overlapping, and spreading acti-
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vation. The specific steps and algorithms adopted in our concept space approach include:

document and object list collection, object filtering and automatic indexing, cluster anal-

ysis, and associative retrieval.

In an attempt to understand the usefulness and performance 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% of 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 per-
centage (59.6%-85.6%) of the terms suggested by the subjects were identified in the
conjoined fly-worm thesaurus, but we only found a small percentage (8.4%-18.1%) of
the associations suggested by the subjects 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 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 on the Inter-
net WWW for remote access (http://bpaosf.bpa.arizona.edu:8000/cgi-bin/BioQuest). Bio-

Quest contains several thousand documents in worm biology and allows WAIS-like key-
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word 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 do-
mains (significantly larger and more complex than fly-worm biology). Several algorithms
discussed earlier have been implemented on a CM-5 parallel computer (with 1024 pro-
cessing units) and, recently, on the 16-node Power Challenge (both at the National Center
for Supercomputing Applications at the University 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 organiz-

ing and categorizing all Internet services using a multi-layered, graphical neural network

algorithm.


http://lycos.cs.cmu.edu/
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Appendix A

Experimental Instruments

Fly Thesaurus Evaluation Experiment: Subject Briefing Statement

Purpose

The purpose of this experiment is to determine whether certain fly biology terms are
related. You will be asked to generate associa- tions to ten selected terms, then to review .
the terms the system suggests. Lastly, you will be asked to evaluate the system and give

feedback about its accuracy. The complete experiment will last for about an hour.

Experiment

Part I: Term Association

You are asked to associate as many terms as possible with the ten terms.
Part II: Evaluation of Thesaurus Associations

Please evaluate the term associations suggested by the Fly thesaurus.

Part III: Thesaurus Browsing
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Please browse the generated Fly Thesaurus freely, think aloud during this process,

and give any suggestions/observations that you have about the relevance of the concept

associations.

This part of the experiment utilizes a procedure called Protocol Analysis. This analysis
requires subject articulation. The subject is asked to speak aloud during the experiment

in order to understand how the subject associates concepts. There are three aspects to

this procedure:
1) Your are asked to think aloud during all aspects of the experiment.

2) The entire experiment will be recorded on tape to capture the verbal expressions

and further understand your term associations.

3) Experimenters will be present at the experiment taking notes of actions performed.

Part IV: Questions

1) Do you have any comments, observations, or suggestions regarding the quality of

the Fly Thesaurus?

2) Do you have any comments, observations, or suggestions regarding the user inter-

face?

Thank you for your participation.
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A.l1 Fly-Worm Traversal Experiment: Subject Briefing

Statement

Purpose

The goal of this experiment is to understand your associations between concepts

that form the basis for the decisions and the inferences that you make when searching

information.

We would like to you to identify some paths of associated terms that might be taken

to traverse from terms in one domain to terms in the other domain that are known by

different names in fly and worm.

Experiment

First, you will be asked to identify pairs of terms — one in fly and one in worm -
that you know to be related. For each pair, you will develop a path from one term to
the other, using other related terms. You are asked to articulate clearly any thoughts that

occur to you as you identify these associations, particularly those that are descriptive of

how you arrived at an associated term.

We will go through one traversal task together so that you get a feel for the kind of

knowledge we would like to capture. The complete experiment will last about an hour.

There are three aspects to this procedure:
1) Subjects are asked to think aloud during all aspects of the experiment.

2) The entire experiment will be recorded on tape to capture the verbal expressions

and further understand the subject’s linkages.
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3) I will be taking some notes during the experiment to help in analysis of your verbal

protocols.

Thank you for your participation.
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A.2 Fly-Worm-WCS Document Retrieval Experiment: Sub-

ject Briefing Statement

Purpose

The Worm Community System is a digital library that contains knowledge about C.
elegans. The system permits searching and browsing of the existing knowledge in the

research community, as well as addition of data and literature from users in remote sites.

The Fly-Worm Thesaurus Traversal project is based on the premise that knowledge
gained from progress in one domain of biology may be useful to researchers in other
biological domains, but that the differences in vocabulary between those two domains
will preclude access to and retrieval from the literature of the other domain. The goal
of this experiment is to determine the effectiveness of the system we have created for

aiding retrieval relevant worm documents in response to a fly-specific query.

Experiment
Part I: WCS Document Retrieval -

You are asked to perform 3-4 searches using fly terms. There will be two steps to
each query conducted. First, the fly term will be searched in the WCS, and you will

be asked to determine the relevance of items in each set of retrieved objects within the

context of the query statement.

Second, you will use the conjoint Fly-Worm Thesaurus to identify terms to add to

your initial query and improve the search results. Again, you will be asked to determine

the relevance of the retrieved items.

In both steps, the full capabilities of the WCS will be at your disposal. Boolean
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-

searching is available, as is access to such other objects, such as genes, alleles, contigs,

deficiencies, sequences, rearrangements, chromosomes, strains, persons, genetic crosses,

cell lineages, alleles, etc.

You are asked to articulate clearly as you evaluate the outcome of each search. Your

verbal protocol will be tape recorded for later analysis. The entire experiment will last

about an hour and a half.

Part II: Questions

1) Do you have any comments, observations, or suggestions regarding the quality of

the Fly Thesaurus?

2) Do you have any comments, observations, or suggestions regarding the user inter-

face?

Thank you for your participation.

A.3 Fly-Worm-WCS Document Retrieval Experiment:Subject
Queries Presented to Super-expert
Query 1 — I am interesting in knowing if worm biologists have found a homolog of
wingless in worms, and what they know about it.

Query 2 — We know that the posterior group genes in flies are cytoplasmic determi-

nants that play a role in gametogenesis. I want to know what mutants have been found

in worms that participate in making P granules.

Query 3 — I want to know what people have found in worms about the autonomy of
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the EGF receptor.

Query 4 — I know that cytogenetics is very big in flies, but I don’t know if they study

it in worms. In particular, I am interested in finding out what they know about position

effect variegation.

Query 5 ~ I have been thinking a lot about neomorphic and antimorphic alleles. I'm

curious about what they think about the concept.

Query 6 — Mike Levine does work on spatial development in the embryo. I would
like to know what similar work is being done by worm people, especially with regard to

transcription of homeobox genes.

Query 7 — Broad Complex is a complex genetic locus that codes for transcription
factors that are activated during metamorphosis by steroid hormones. I would to know

if there are any genetic or molecular equivalents or homologs in the worm field.

Query 8 - Troponin is a muscle protein in Drosophila that regulates contraction.
There are several forms of it in Drosophila. In our lab, we have found Troponin I and

Troponin T. I'm interested in seeing what they know in worms.

Query 9 — We’re looking at chromatin structure, and the relationship between gene
expression and structure. I'd like to know what kinds of studies they are doing in worms

with regard to maintaining chromatin structure.

Query 10 — I'd like to know what worm biologists know about neurogenic genes that

are expressed during embryogenesis.

Query 11 — I use a technique called in situ hybridization to study transcription of
embryonic genes. I want to know what kinds of approaches they take in using this

technique. One example might be using biotin in situ hybridization to study chromosomes.
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Query 12 - I'd like to know how worm biologists perform fixation of microtubules.
Query 13 - I'd like to what they know about the structure of meiotic chromosomes.

Query 14 - I'd like to know what is the worm homolog for sevenless.
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Appendix B

Sample Verbal Protocols

Included in this appendix are sample verbal protocols, one from each of the three

experiments conducted, to give a flavor of each experiment.
Fly Thesaurus Evaluation Experiment
Subject 4 —~ Outsider

Exp: If you see one here that looks interesting to you, you can mark it. And just use it as if

you were searching.
Subj: I hate computers. Sorry.
Exp: It’s ok.
Subj: Ok. So I want this. What do I do?
Exp: Press enter. Do you want that one with cell death?
Subj: No.

Exp: Ok, so go back up, and then press return again. Now you can go up to search the one
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that you marked. So what do you think of these terms in relation to the term that you selected.

Subj: They seem to be pretty much related. So can you get other things besides the terms?

Can you go and search?
Exp: No.
Subj: Oh, you can’t. It’s just to give you an idea of things that could be related? Or what?

Exp: Right, eventually, this will be linked to the actual document, but right now it is just to

search terms.

Subj: So you could go and search for anything that you’d like to? So for example, I searched

for this. I could go back to ’proliferation’ and search for that? Oh, all right. Ok.
Exp: Keep talking while you are thinking. Speak out loud while you think.

Subj: Ok. So I can go to use this again? So if I mark one of these, will I get the same kind

of, the same terms again, or will it link it to some other stuff that is more related to that specific

one?
Exp: To that one specifically, right. It will bring up new terms.
Subj: Alright, so just return this? Oh, alright. Ok.
Exp: So what do you think of these terms?

Subj: Well, most of them are somehow related.  You have other terms that are really very

general, like ’transcripts’. Although it could be ’transcripts’ in the imaginal disc of Drosophila.
Exp: So that might be somewhat related.
Subj: Yah, right. Let’s see. Can I get another, another term?

Exp: Right, now press enter. And down at the bottom, you see that it tells you that you want

capital letters for authors and subjects, and upper and lower case for a gene name or a function.
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Subj: What is a case sensitive?

Exp: That means that it matters what the, whether it is capital or not. So this is a gene name,
correct? So that would be lower case. So that’s fine. So press enter, and when you are done,

press q. So when it comes up with just one, that’s a synonym. Is that...
Subj: I don’t know. I don’t know.
Exp: Can you go down the list and tell me what you think of the different terms?

Subj: One by one? Ok, so you have some that are related and some that I have no idea what

they are.
Exp: Which ones are related?

Subj: Well, most of them. You have things that are, like ’positional’, that’s too general. Or

*cel’.
Exp: You think that is general, too?

Subj: I think so. And then, if you could keep searching here, see ’role’. That would be a

neat thing to have.
Exp: Oh, you want to know the role of...
Subj: Right.

Exp: You can search this along with the gene name. You can search more than one thing
together. So if you mark this one, and another one that you might want to know the role of, then

search the marked ones.
Subj: Oh, alright. Ok, so... Where do I go..?

Exp: Well if you want to see the role of something, then you can search them together.

Subj: Oh, just go up ..
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Exp: Mark the other one as well and then you can find out what the role is.
Subj: Now it wasn’t that one that I want. Again; this one, ok let’s see.

Exp: So those are terms that have both segment and role in brackets would be related to both

of those.

Subj: O, so if, ok, so, it isn’t just the word ’segment’. I thought I had marked segment

polarity...

Exp: You did, you did. It just shows the first term there. So what do you think of these

terms?
Subj: Looks something like segment polarity genes as well, something like this.
Exp: So you recognize those as segment poliarity genes?

Subj: I think some of them are. I don’t remember them now. To tell you exactly what...
Things like this word here, ’cyclic AMP phosophodiesterase’. I don’t think that has anything to

do with segment polarity genes. I'm not 100
Exp: That one came up with just 'role’.

Subj: Oh, 'role’. So how does this search? Anything that you have in here that has the word

role will be picked up?

Exp: It’s based on co-occurence, so if two words appear in the same abstract a certain number

of times, then it gets a higher score than if it co-occurs less frequently.
Subj: Ok. And this is sort of the first one, (pointing to top of list), that has the highest score?
Exp: Right, because they co-occur very frequently.
Subj: Oh, Ok. But does this search *segment polarity’ and 'role’ or just 'segment’ and ’role’?

Exp: ’Segment polarity’.
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Subj: Ok. I don’t know about that. And now. Let’s see. No. So that would be in capital
letters? Ok. They are related, most of them. Some of them I am not sure, because I am not
that familiar them. Well, the first two terms, these were just the two terms that I typed in. Just
split up. And then you have a gene that is related. Uh, ’establishment’ I think is somewhat
relevant if you were interested in how dorsal-ventral polarity is established. But of course, it is
a general term. But I think it is somehow related to it, in this instance. If I were going to figure
out, or search for something, for how the pattern is established, then I would go there, of course.
But things like receptor, I think that’s too general. (using cursor) 'Gene product’, I think that is
general, but then if you want to search for a gene product that is related to that, then it becomes

important. If you want to link a gene product and a gene name, like 'Toll gene’, for example.
E).‘(p: Do you want to try that?
Sure. Oh, that’s right, ok. So. Good.
Exp: What about it looks good?

Subj: I'suppose this is the name of t‘he tol‘l gene product. So that is what you are looking for.
And then, well, you get words like *product’. Too general. You get people that work with that.
’Gene': that’s general. 'Protein’. That’s general. And you'll be able in the future to search for
the protein that would be the gene product.. So I would go down here, and I would be able to see
the protein, right? So, I think even though some of the things seem too general when you first
look at them, sometimes they may help you with your search by giving you context. Especially
if you don’t know enough. For example, ’characterization’... If you have that word alone, it
doesn’t mean anything. But if you are talking about characterization of the gene, then it becomes

important...if you can bring the gene name and the word ’characterization’ in a particular abstract.
Exp: And you’d be able to find out what they’ve been doing to characterize the gene.

Subj: Right, right. That’s right. So now, if I am searching here, and I select this, is it going

to search *mammalian homologue’.
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Exp: No. At this point, it would just search it by itself, unless you were to link it by itself.

Subj: Oh, ok. Let’s see. (subject marks terms) I searched ’toll gene’ and *'mammalian

homologue’.

Exp: And what do you see there?

Subj: Well, people that work on them, and let’s see. Some words like ’extensive’, for
example. It’s too general maybe, but maybe it means extensive homology. So you know, it can
help you with the search. And *member, it is general, but of course, I know that probably means
that it is a member of a gene family, or a family of proteins. So if you don’t know aﬁything
about it, well, I guess if you don’t know anything about biology, then it becomes irrelevant. But
if you know something, and say you want to know more about that family of genes, or other

members of the gene family, then I would go to that.
Exp: Number 14 is ’superfamily’.

Subj: ’Superfamily’. So that probably means that there are many proteins that share the same
characteristics. And then with *'member’, it means that this particular gene is a member of the
superfamily. So I guess that evn though they are very general terms, they can help you. Maybe

you didn’t know that it was part of a family of genes. Now you know they probably are. So you

can make some deductions, yah.
Exp: So ’toll gene’ didn’t come up.
Subj: No, it didn’t come up. Oh, what did I do?

Exp: I don’t know. Just try again. Ok. There you go. Sometimes you have to wait just a

moment.

Subj: There are some names of people that work on these.

Exp: Do you recognize any of them?
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Subj: No. But I don’t really know. So you have functions somewhere here?

Exp: Yah, it looks like it is mostly genes and people right here. You can search down. See

it says there are 62 terms.
Oh, so there are more. So how?
Exp: Just keep pushing down. Right.

Subj: So I don’t know anything about this. And I want to know the function. I don’t know
how I would go about this. I didn’t get the word function here....There is nothing here that...
genes and stuff like that that we’ve searched before with regard to the function. But even though

it is very general, sometimes you want to know what function the gene has, or the role.

Exp: So these term, like I said all come from papers, or from abstracts, and so they’re

dependent...the linkages are dependent on what’s in those. So if nobody did characterization,

then it may not appear.

Subj: It may not be there. Ok. Now up? So how would I go about searching 'defective’

with Nurse Cells. That’s what I'm searching. If I dont’ get Nurse Cells again.
Exp: Right. Nurse Cells didn’t come up again. Uh. You would have to type it in again.
Subj: I selected defective before.
Exp: Right, you can search on that one.
Subj: Or should I search again? defective and Nurse cells.

Exp: You should search again. So now it says match term 1, and when it comes up match

term 2, you can put in the second term, and it will search them together.
Subj: Ok. So I can type. So term 1 is the one that I just selected? Or no?

Exp: No. You're starting from scratch now.
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Subj: What do I do?
Exp: Oh, that needs to be upper case, capitals.
Subj: Can I search for *defective Nurse cells'?
Exp: I think you should search them separate.

This one, ’cel’ is too general. (Subject runs finger down list, and stops at 'female sterile’.)

Exp: Is ’female sterile’ related?

Subj: Yah, the Nurse cells are from the oocyte, so it is very important for that. So if they are
not normal...they feed the oocyte...so yah. So I guess if you don’t have Nurse cells, then you're
in big trouble. That, for example, *actin’ would also be important in the feeding step, because,
there are like connections between these cells and the oocyte. And this actin sort of shapes it,

the connections, and so the connections go from the oocyte to the other. So all these things seem

to be related.

Exp: So then for the last step. I have two questions for you. Do you have any comments,

observations, or suggestions regarding the quality of the fly thesaurus?

Subj: I don’t really think I know enough to tell you things to do. I think it gives you an

idea of what things can be related to the word you are searching. So for me, that I don’t know

anything, it would be useful.

Exp: Do you have any comments, observations, or suggestions regarding the user interface,

the computer.

Subj: Yah, it’s easy. And if it is easy for me, it is easy for everybody, because I have trouble

with computers.
Exp: Do you have any suggestions?

Subj: I don’t think so. It seems to be easy.



Exp: Ok. Thank you for your participation.

Subj: You’re welcome.

85



86
Fly-Worm Traversal Experiment

Subject 2 — Worm Domain Subj: So the first one is lin-12 and Notch. So lin-12 is..’
They are both developmentally important genes. And lin-12 is a C. elegans gene. And Notch
is a Drosophila gene. They afe important — both of them — in cell-cell interactions — so I guess
that should be in the middle — during development. lin-12 is a gene that is important in gonadal
development and vulval development in C. elegans. Notch is important in epidermal and neural
development. They both are sort of important in making a decision of what a cell is going to
become. For example, Notch is important in whether a cell is going to become an epidermal
cell, or a neuron, a neural cell. The same is for lin-12, in a different tissue in C. elegans. But
they are homologues, I gueés. So they have related functions. And they are both members of a
gene family. That means the proteins encoded by these two genes are similar. They have some
important features that they share. They have EGF domains; those are extracellular domains
that are important for the function, so to communicate with neighbor cells. They both do pretty
much the same thing and they look pretty much the same. They have, of course, transmembrane
domains, because they have to be at the membrane, both of thcm, to be able to function. Let’s
see, what else? Do you want some other things, like genes that are related to this? Ok, so for
example, lin-12 is closely related to another C. elegans gene that is called glp-1, which is also
a member of the same gene family we were talking about. And this is important in germ line
development and it is also important in early embryonic development. And it zictually can have
the functions of lin-12. So if you don’t have lin-12, sometimes g]b-l can function during gonadal
development. And Notch is related to Delta. I don’t know much about Delta, but I know it is

the protein that receives the signal from Notch in the other cell. I don’t remember which protein

receives the signal from lin-12. Let’s see, what else?

I guess it’s just... I don’t know. There are several families of transmembrane receptors, and
I guess sometimes they have the name of the first gene that was described, the first protein that
was described. So probably, when you talk about this gene family, you say the Notch-lin-12

gene family, or something like that. But I'm not sure in this case. Ok. Second pair. let -which is
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lethal- 23 and sevenless gene. These genes are both important in these organisms - in C. elegans
and Drosophila - and they are determinants of cell fate. What are you going to become? They
are both members... steps in signal transduction pathways. That is, you get a signal from the
outside of the cell, it is transmitted to the inside, and you become something... what you are
supposed to. And let’s see. I think, yah, they are both members of another gene family. They are
receptor protein Kinases. I have the name of that one. So these are also both in the cell surface,
because they have to receive the signal. So that is a good place to be. Of course since they are
only one step of the pathway, the one in the surface of the cell, they have to send the signals
to downstream genes. And both do that, and they both do that through — I should have this in
the middle, but I'm going to have to put it on both sides — through ras genes. Those are very
important genes. And in C. elegans, the ras gene that receives the signal from let-23 is let-60.
And I don’t know the name of the Drosophila ras, but I'm sure they have a name. There are other
members... other proteins that are related to sevenless, for example, boss (bride of sevenless).
That is actually in another cell. So what is the C. elegans gene important for? What cell fates
does the let-23 gene determine? That is primary cell fate in vulva development in C. elegans.
And a similar pathway, which is the sevenless pathway, is used for the R7 cell determination
in the Drosophila eye development. You see, they are going to make completely different cells,
but the mechanisms are similar, so I guess you can say different tissues, similar mechanisms.
In all signal transduction pathways, you have a signal that is transmitted from neighbor cellsy,
neighbor tissues. So you have a signal. You have a receptor, usually in the surface of the cell.
Sometimes it is in the cytoplasm. For example, but this is for a different pathway, but it is
a signal transduction pathway for horrﬁones. ‘They go directly inside the cell. They are tiny
molecules, and they can go through the lipid bilayer. The receptors are actually inside the cell.
So they go inside, they bind, and then those receptors usually go inside the nucleus and activate
gene transcription. So these have one more step. They have to have a receptor in the surface
of the cell, and then there are usually a number of steps. So you have to pass on the signal to
different players, to other signalling molecules inside the cell. And one of these players —it is a

very important one - it is in almost every single pathway of this type, is a ras gene, a ras protein
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in this case, which is encoded by a ras gene. This transduces the signal to a number of other
proteins. Sometimes, in a pathway like this, it has some proteins that are shared, some elements
that are shared with those, and some elements that are unique. So you have different proteins.
Sometimes you can finally activate, differentially activate gene transcription. So a certain cell is

going to now express the genes that are going to make that cell be a vulva cell in C. elegans.

This cell is going to be an R7 in the Drosophila eye.

The last one that I have is mab-5. mab-5 is a gene is the gene in C. elegans. And Anten-
napedia/Ultrabithorax complex in Drosophila. And these genes that are members of this family
of genes are not only in C. elegans and Drosophila, but are also important in vertebrate develop-
ment. And the part of development that these genes seem to be important in determining is Axial
development, axial-posterior patterning. So they were first identified in Drosophila. And then
the question was... people determined that they were important in determining the segmentation
pattern in early Drosophila. And then, of course, the question was Do they exist in more other,
in earlier, in more primitive organisms like C. elegans. And of course, C. elegans doesn’t have
segments. And so if they are there, are they also important in determining the anterior-posterior
axis of the animal. And indeed, they found some of these genes. So they found mab-5, which is
important which is important in determining posterior structures, close to the tail. And then when
more of these genes were found in Drosophila, I guess some of them, like labial, they started
looking for homologues in C. elegans. They did find some. ceh-11, which is the same as egl-5.
So this animal has a problem; it cannot lay eggs. So the eggs hatch inside worm. And others
like ceh-13 and ceh-15. So they are all important in determining a certain portion of the animal.

Some the posterior part, some the... The gene that has been studied the most is mab-5, which is

important in tail structures.

So these proteins in C. elegans and in Drosophila have many things in common. They
all contain homeodomains, which is the part of the protein that is formed by helix-loop-helix
structures. And this can bind DNA. So it has been shown that by binding DNA, it can regulate

gene expression. Ok. And for most of these, they have done experiments to show that they can
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regulate gene expression. Because sometimes you can have a protein that has the potential to
bind DNA, but it hasn’t been shown actually that the binding can activate transcription or shut

off transcription. OK, so I guess we can say on/off transcription. I don’t know if any of this is

going to make any sense.

I guess one other feature that these complexes have is — these genes have — is that they are
arranged on the chromosome in the way they are going to be expressed in the animal. So, I
guess, and amazingly that is conserved from worms to Drosophila to vertebrates. So I guess,
arrangement of genes ... conserved... activation from left to right on chromosome, according
where these genes are. And they are all, the Antennapedia, Ultrabithorax, labial, Deformed, in
Drosophila are ordered in a certain way on the chromosomes. And this is important, labial, for
anterior structures. So that is turned on first. And then the second one is turned on, which is,
for example important for abdominal structures. And then the ones that are important for more
posterior structures. And they are this way on the chromosome, and they are turned on tﬁis
way. And the same for C. elegans. So it has to go that way. So the ones that are impbrtant for
determining head structures are going to be turned on before the ones that are important for tail
structures. And they are arranged that way on the chromosome, which is amazing. And that’s

conserved all the way to vertebrates. I don’t know. I can’t think of anything else. [turned tape

over).

... DNA binding domain. Then another part of the protein itself, or a protein that can bind
to the region that is responsible for the activation. So if you have this domain, it will just bind

DNA. But many, many proteins that have this domain are gene regulators.

When I think of a protein like this, my first association is what they do. They do something,.
In this case, they determine the anterior-posterior axis. That’s the first thing. And then you start
thinking of how they do it. Do they do it the same way? Or do they do it differently? And these
actually do it similarly. But usually, and I think it is the same for the other examples, is what they
do. They do something similar in an organism. Even though ... these do almost exactly the same

thing, you know, anterior-posterior patterning. The others, for example cell to cell signalling, the
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general mechanisms are the same, but they do it in completely different tissues. But they do the
same thing. Like for example, they are members of the same gene family, and they transmit...
but then one makes the Drosophila eye cell, and the other one makes the C. elegans vulval cell.
So that’s why I think that the first association is what do they do. Are they similar to one another
or not. That’s the way I think about it. And then, you think, you know, about whether they are
similar proteins or not. And then whether they have similar domains, whether they share things.
But the first thing is do they do something that is similar in different animals. Somethings you

can actually, you know, take a gene from one organism and put it in another, and get it to do

the same thing. [long pause}

Exp: When you talk about doing something in the other organism, you are talking about...

Subj: Complementing a mutation. For example, and this is not the case here. It won't work
in this case, but if we think about genes that are involved in cell cycle control... For example,
a gene that is involved in cell cycle control in C. elegans, you can put it in yeast, in a yeast
that has been mutant for the homologue, and now you don’t have a mutant anymore. It can
complement, the C. elegans gene can complement the yeast gene, for example. A protein kinase,
that has certain characteristics, and they know the homologue. They are similar enough to be
able to perform the same function in yeast that they do in C. elegans. It is more difficult to do
here, because Drosophila transformation is very difficult, and Drosophila genes are very finely
regulated. They have huge regulatory regions that do not actually encode for a gene, but they
have signals for its regulation. In the promotor. So it can be at the 5’-end, or sometimes at the
3’-end, sometimes in the intron. And C. elegans is much simpler in that respect. You don’t need

that much extra things to make a gene work when you put it in the organism.

Exp: Actually this last bit, where you talk about your pattern of thought process is very

helpful. So you look at the gross level first.

Subj: Yes. That’s what I usually do. But, yah, sometimes if you are doing research,

sometimes it can go the other way around. You find, you have your gene, and you find something,
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like a helix-loop-helix domain. YOu have no idea what your protein is doing, what your gene
is doing. But you say, ok, it has thins domain. Maybe it will be able to bind DNA. And then,
you know, you start relating to your other proteins that have been described before that have the
same domain. And then you say, oh, well, maybe they do something similar. And then you look
in your organism, and you say, ok, can they do this? or can’t they. If you are working with

something normal, you know if you have a pair like that, I always think of what they do first.
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Fly-Worm-WCS Document Retrieval Experiment

Subject 5 — Novice

Exp: First we will just search and see how the search engine does by itself.
Subj: Actually, so there is an author who’s last name starts with Spiros.
Exp: So it didn’t come up with anything, so we’ll invoke the thesaurus.

Subj: Here we go. This is the guy. So he sequences this gene. And I want to see which

parts he has sequenced so far.

Exp: Let’s add a word down here. It’s working very slowly today. Something is really taking
up a lot... Now we’ll re-invoke the thesaurus to try to get just Notch and his sequences, and see
what terms come up all together. Now actually, what is going to come up is worm documents.

So it is unlikely that he, being a fly researcher is going to have published in the worm literature.
Subj: So I see facets. That’s a good one.
Exp: Do you want to add facets?

Subj: Yes. Introns is a good one.

Exp: So that is the end. So out of these, how do you want to construct the search? Would

you like it to be an “and”?

Subj: Yes. Notch is a neurogenic gené. And add epidermal. That’s a good word. And add
neurogenic. And that should be enough. [No results produced by search.]

Exp: So are there any of these other terms that you have identified that you'd like to try?
Subj: How about neurogenic and embryo or embryogenesis. [No results produced by search.]

Exp: So how else might you construct it? So you know that Notch is a gene that is expressed

during embryogenesis, and it..
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Subj: And it is neurogenically active. I’m not sure if it is an EGF, but you can try.

Exp: So it came up with one item.

Subj: I'm not sure. So let’s try neurogenic and genes. I guess I would want to see neurogenic

genes expressed during embryogenesis.

Exp: So there are four.

Subj: That looks like a good one; that one’s relevant. This one doesn’t really say; it just

talks about the neural system. Ok this sound good.

Exp: So if you had come up with this in a real search would you follow any of these specific

genes that are mentioned to see if they had any similarity.
Subj: Yes. Uh-huh. This one is neurogenically active.

Exp: So did you know about these OPA repeats before?
Subj: No. So that is useful.

Exp: Oh, good.

Subj: That sound good. This sounds interesting too. It has similarities to repeats that are

found in Drosophila, which is interesting.

Exp: So 3 out of the 4, and you have several possible genes that you can look at. So do you

have another one?
Subj: So how about techniques? Can we do techniques? In situ hybridization.
Exp: What about in situ hybridization?
Subj: I'd like to see what kinds of approaches they use.

Exp: Wow, so there are 101. Do you want to narrow that down some?
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Subj: Maybe with, in embryos.

Exp: Ok, maybe use embryo, and we’ll so a subsearch of this set. Ok. So 21. That’s a more

reasonable set.
Subj: Can we narrow it down more?
Exp: Is theré something more specific that yc'>u’d> like to use?
Subj: Ok, maybe looking at transcription, using [in situ hybridization].

Exp: Ok, so 8 items.

Subj: So this would be looking at how they use in situ hybridization to study transcription

of embryonic genes. Ok, good. So what are these? Are these articles?

Exp: These are abstracts from the Worm Breeders’ Gazette. At this point we don’t have
copyrights, so we can’t put in Medline and Biosis abstracts, so these are all abstracts from two

informal publications. One is Worm Breeders’ Gazette, and the other is the abstracts from the

Worm Meetings.
Subj: How long does it span up to now? Is it current?

Exp: Yes it is current, and let’s see. I forget when everything started, but volume 13 is

within the last 2 years. Yes this one is probably '93.

Subj: Oh, this is useful. It tells you what they did. They were able to define between two
RNA'’s using that technique. Yeah, see they have different ways of doing this. So they are doing
maternal RNA’s, and things like that with m-RNA. [Next one] Not really.

Exp: It is interesting that this brought up hybridisation, even though it is spelled with an ”s”.

Subj: OK, this is interesting, because they use PCR in in situ’s, and they are talking about

that technique. That is something I would think about using in the future.

Exp: Oh, and had you thought of using that combination before?



95

Subj: Yeah, but I've done it only once, so by reading their work, and can see how they’ve

done it. This is good, too. They are trying to detect what kind of genes might be transcribed

early on in embryogenesis.
Exp: Is that what you are looking for? Early genes?

Subj: Yes, I'm trying to find an early gene that might be transcribed before the time period
that we are looking at. So this is good. I like this because they give their protocdl for in situ
hybridization, and they do it completely different. They remove all the membranes, which we
do in a separate step, and they include it all in one step. And this is like ihe same. They are

trying to isolate maternal RNA from early embryonic m-RNA. That good. Not really. And last
one: Yeah. This is.

Exp: Ok, by coming up with your own terms (embryo and transcription), you were able to
close down on what you want to do with the in situ hybridization. So let’s go to the thesaurus now.
And you can go through this list and see if there are any terms that... See here is transcription

and embryonic. This system would have brought those terms up.

Subj: Chromosome. Biotin-labeled. That’s all.

Exp: Ok. So let’s go back up here and bring up those 101, and limit it using those terms

that you pulled out.
Subj: So how about using Biotin in situ hybridization with chromosomes.
Exp: So let’s do it this way so that it will be this and this and this and biotin and chromosomes.

Subj: Good. The technique is interesting. They do it a little differently and they use a
different gene. They are looking at metaphasé chromosomes. That is different, too. Yeah, so

that would be relevant. This is interesting, too, how they use it in mapping. They are doing

metaphase scans.

Exp: What cell cycle phase are you looking at?
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Subj: Interphase. Ok and last one. Yeah, this is pretty interesting too, because they talk

about the observations they made in [unclear], ’and what the structure might be.
Exp: Ok, so do you have another that you would like to try.

Subj: We can do chromosome structure. Oh, these are all the things.

Exp: Yes, these are all the documents in alphabetical order. If we were to go here, you
could see all the genes in alphabetical order, and just go down. Say you weren’t sure what all

the different possible ace genes are, then it could trigger your memory there, too.

Subj: That’s neat. 102. Yeah, so they’re doing a lot on chromosome structure. So let’s add
interphase and nuclei. [No results produced by search.] Just try interphase. [No results produced
by search.] So let’s try meiotic. Ok so let’s look at "Age related changes...” That’s interesting.

Oh, let’s see "Genetic...” Yeah, that’s a good one. I guess that would be it.

Exp: Ok, so this one was chromosome and structure and meiotic. So we’ll put in chromosome

and structure, and invoke the thesaurus, and see if it can bring up some other, additional terms

that might help you limit this big group.
Subj: Let’s try just chromosomes.
Exp: These are the terms that are unde; just chromosomes.
Subj: You can see whether he worked on it in C. elegans.
Exp: Oh, ok. Let’s put him up here. No. [No results produced by search.]

Subj: General terms seem to bring up general terms. It’s not a good idea. How about, what
was this? Chromosomes and structure. How about chromatin and structure. [Invoked thesaurus].

Histone.
Exp: Histone. Ok. What do you want to know about chromatin and its structure?

Subj: I guess I want to know to what extent they have been doing their research in this area.
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Get some specifics. I guess core would be another good one.
Exp: Ok. So let’s try up here {at WCS search window]. Would that make sense?
Subj: Uh-huh. That’s good. Ok, so there is 1. It is an interesting one.
Exp: Ok, so are you sétisﬁed with the outcoxﬁe of that search‘b.7
Subj: Uh-huh.
Exp: Ok. so is there anything else that you would like to try?

Subj: How about heterochromatin? How about heterochromatin and embryo, to see when it

becomes evident, or when it starts. [No results produced by search.]
Exp: Ok. Let’s try embryonic.
Subj: Oh, so that’s the same paper. Good.

Exp: Ok. Well is there anything completely different that you want to try? do you have time

for one more?
Subj: Yeah. What do you mean completely different?

Exp: Well, you did Notch, and you did in situ, and you did the chromatin. Is there another

category that you would like to investigate?
Subj: How about fixation? It’s kind of general. It’s probably vague.
Exp: And how are you using that?
Subj: I guess as a technique.
Exp: And what would you expect to be fixing? |
Subj: Embryos. |

Exp: As opposed to fixing your gel.
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Subj: Yeah. That’s a lot. Ok. How about fixation using paraformaldehyde? That’s very
specific. Wow, so. Oh. Cool.

Exp: You like the second one?

Subj: Yeah. Yeah, that’s a good one. It’s showing you how they’re doing it. Probably that

one.
Exp: In situ?
Subj: Yeah. I think we saw that one already.
Exp: Yeah, that one came up already. And that’s a good one?

Subj: Yeah. I think that’s it.

Exp: Ok. So, let’s go back up here and do fixation, and go to the thesaurus. Is there anything

in here that you’d like to add to limit this set?
Subj: Glutaraldehyde. Let’s go down [the list] a little. Yeah, microtubules. Good.

Exp: Ok. So we have fixation over here. And how do you want to construct this search?

Fixation and both of these, or do you want to try them one at a time?

Subj: Let’s say, fixation to microtubules using glutaraldehyde. So there’s two. The second
one. That’s a good one. Good. Let’s look at the first one, too. That"s good, just to see what

concentrations they used. That’s useful.

Exp: Ok, so can you describe for me how you perceive this tool, and the usefulness you see

for the tool: the thesaurus in particular.

Subj: I think technique-wise, it would be useful, just to see if you haven’t done something
similar in Drosophila, and to see what they have done in C. elegans. Different ups and downs

that they have had. Different solutions that they have used, and stuff, so that you can try it in

Drosophila. So I think that would be a useful tool.
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Exp: So if this were available for worm or for a number of different organisms, do you think

you would use it?
Subj: Yeah, I think so.
Exp: Ok. Anything else you’d like to say?
Subj: No, it’s good. |
Exp: Well thanks for coming down.

Subj: I hope it was useful. Like when you said embryo and embryonic and embryogenesis,
I lumped all of those together, and remember at the beginning, we had to have it as embryonic,

or it didn’t come out. So little specifics like that helped out.
Exp: Ok. Well thanks very much.

Subj: Sure.
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Expertise Level | # New Searches | # Iterations for Each New Search
1123 4

Expert 2 310

Expert 3 1 {211

Novice 4 31112 2

Novice 3 0101

OQutsider 3 1 {110

OQutsider 4 21210 0

Total 19 10]6)4 2

Table C.1: Number of Iterations per New Search Used by Subjects While Browsing the
Fly Thesaurus

Object Fly Experts Worm Experts
Source | Intermediate | Target || Source | Intermediate | Target
S 6 42 4 1 45 2
G S 5 6 7 5 6
A 0 0 0 0 3 0
[T | 1t | a7 | w0 || 8 | s3 | 8 |

Table C.2: Object Types for Terms at Various Traversal Positions



1 2| 3| 4| 5| Total
Subjects
Worm 26| 8| 9|1%| o 39
Experts || 66% | 21% | 10% | 3% | 0% | 100%
Fly 26 2| 3| ol 5| 36
Experts || 72% | 6% | 8% | 0% | 3% | 100%
Overall 52 10 7 1 5 75

65% | 13% | 9% | 1% | 3% | 100%

Table C.3: Number of intermediate nodes in traversal — entire phrase

Object Type | # Found | # Not Found | Total # Queries
Gene 11 (.69) 5 16
Subject 15 (.625) 9 24
Author 3 (1.00) 0 3
Total 29 (.674) 14 43

Table C.4: Query terms found in concept space, by object type
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Heuristic Number of Instances
0| 1}12]3]|4

Attempts in WCS prior to 0 (271711 ]1

concept space activation

Times concept space activated 31246311

per search

Times concept space list consulted 1811918}12(3

and query reformulated per activation

Table C.5: Number of instances of various search heuristics using concept space
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have rething 0 do with Notch st all, H's just 8 common genetic technique...femmle sterikes, of metemal domirance, of tal kind of thing. Solike |
said, | cun’t really figure out what # would be

Uses deductive reasoning, experience, and
hackground invwiedge W glean semantic
meaning from terme on liet.

Percieves echniaal nkvemulabemg\mp:nl
for une in this deductive process.

Geond Gricfl Wow, See this is getting tind of circulsr, 1 have o idea why ‘965" is relevant to this list. | can't tell...] mould gurse i hat 10 do with

aome kind of charml, doing what is calied.. mssic analysis...I'm kwoking for the person, as well, whn did this. Ok, so there’s a person [ know who
did one of these kinds of armlyses, bat he’s ot on this list. ks hard 10 tell from this...do you heve sny abetracts or titles, of article things in here?

Sces links s being circular, recunsive.

S0l



L Action

Subject 2 -- cont.

I User’s Comments

Interpretation

I Type in new term I—.

N
TRANSFORMATION

Ok. So this kok» ble. fexp: Oh, the synmym of N. Bul theee is no way 1o search that (Abnapiex) with annther term unless the term is down
there, so this is only going 10 come up with trareformation, because when you type in N, it brings up *Abruptex’. And oo it is only scarching on N,
which brings up ore term, which is ‘Abrupiex’. So everything eloc is going 10 be “transformation®.]

Frrors in synonymows relationships .ﬂe-n
[T] scarching of muktiple tenme.

This is really the problem [ twve with Medline, is that you really don’t know how their trec is done. Withmut that, you're really lost. So yes, this is
the thing that | don't heve a problem with with BRS. Every word 1 put in ie relevant on its own terme. There is none of this misdirection sndfl. So !
dmlhveInworry-hupaumwdxnadbywhldhwhdpdbwﬂrthehmbmbﬂrmnw 1 think #t's an

ng iden, though. | mean, | probably woukdn’t use this instead of BRS. T would probably use it in addition to #. And so the question is, do [

mnmammdd\-nmlmuuhcmﬂh\!oﬂu-b'y. with Notch and trane formation, that’s something thet 1 wauld eeally expect 0
be in here...] think thet there is o difference betwoen.. having it he hierarchical, and having it be wrong hierarchioal.

Wants 40 trust ools so direct her bo correct
relationships between terms.

" Arterrmpedia, and s0 on. But you could consider them all mejor complexes....Even Notch is

Everyaruin.-ﬁlcyou'dmoﬂhnbm,ud...ymhvebkvkﬁw. But when you look it up, you know, ‘Oh, of course that’s what this
. And then there are some el probiame. 1 moan whmi do you do with the complex loci?, because they are sort of separate, Bithomax, and

idered & complex gene. It's not complex in the
same senne that the other genes are complen, Ml}:nu.luol»cmmolkmmlng nwll.lhl'uhnhrhl,ndml.lvly-nmmun
might like.

The thing is thet onc of the things that heppens with this sort of rescarch is thet it has the potential to impoac & wary of thinking on the field,
depending on how it is uned, how many people who are yrang in the ficld who heven't had thet kind of classical training are going 10 use this, and
then sequire this serminology now, o this way of thinking, this tree structre, | gurss, rather than the traditional ove.....The cloning people, the gene
project peeple will he doing some of thet ae well. And so | gucss the idea is 10 sty currert with prople who are resporsible for such things...The
ides in to find resource peopie, and then the other thing is 10 just sthow up st the Fly meeting, snd heve 8 workabop, and sey, *Look, this is muts. We
have 10 find & way as masegers (o deaf with this stuff. Could we rationalize the system...

A problem is thet...the clussical etuff here is now 4th genention, or so. [ didn't work with Tom Kaufran.. Jor] with Weher Gehring...1 worked
with people who worlked with them....And | sorked with a Jot of mulocular biologist who sort of pleyed faet and Joose with some of the more arcane
stuff...There are peopic ot there who kind of know everything. But the young ponple sren’t going t0 know...and so you're right, it’s 8 difficulty of
the field,

- Mvwlnl-mounmi:nofdeﬂymﬁy
to help und ical develop of ficld,
ond significance of constant and accursie updating.

As 3 book st this, it's like 8 theasuns in the scrue. . Unt there are probbly going 10 be things in here thet § would never in & million years have
Gwught shust, Keywords tht § never in a million yesrs would have chnsen, and routcs through the dats, Uvough the fikersture tet | would never
takee withoudt it.. 1 oan’t tell now.. uniil the references sre there, and | can resd..,.the refe and asaces i distcly what the rek fo..I'm
taking a rouse through this detshase, o | don’t Inow where I'm going becaune there aren’t ernugh terma in there 10 let me tnow. There's nnt
enough meat. A kot of then sre popping up the same meanings, they’re popping up the same terme,

§ think | saould try it sgain...copecially for things...where I'm trying 10...find & phenomenon that sonebody might have scen before, but didn’s reslly
Iravw what it was, Ard 30 | would want 10 teve this kind of misdirection... That sould he 8 praitive thing, because T sould hmppen on something thet

Cm-len mwhmelm L] mkmwn and
] ly positive, as
long as teaditiona] nhlmhrp sre socunte.

1 won’t get 4o the normal ey,
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I Acti

o]

I Type innew e |.—

winglcss

Sclected with markes

| Selected with marker I-—

Subject 3 —- Novice

L

Interpretation I

User’s Conunents ]

So, you et » list of these terms, but there is nit 8 way, is there any funthe r description of all these terms if you wanted any further referenac?

Want 10 follow up on icrms of inkerest. Inquires
about range of available options

8o, ‘scgment polarity” is right on. | don’t know wimt "Emscd” is...[t's a gene, but I'm not familiar with that gene. But *polarity’, “hae®, I'm not
familiar with. ‘Polarity genes’, 1 don’t think you would see that lerm.  You would sce “segment polarity gene®. But the term ‘polarity gene’, | don't
think you'd sce...Oh, 1 missed up here where it says “imuginal’. That's probably o general. “lmaginal discs would be 8 more appropria em.

Most of the suthors | recognize as people who have worked on this. There’s a few [ just protmbly don’t know who they are, or can’t remember.
There are slso some gencs I'm not familiar with, bt tat’s probably just something | haven't come acrose.

Kentifics terms that belong in multiple kerm
phrases.

Mdcntifics «eame familias from her background .

“Phenocopics”...is also probmbly 100 gencral. I'm not really sure in what context it relates.

| presurne that “dowrwtircam” has 10 do with the fact that there are other gencs that sct downeiroam of “wingless®, or that ‘wingleas® inleracts with
other gene products that are also d of k.

Uscs dod: ing and beckgroud
owledge 10 glcan semantic memning
from tenms. )

WNT
SIGNALING |

Let's try “signaling’, becausc ‘wingless® is p d 0 be some sort of sigralling molecule. Maybe ‘sipmlling” might be 100 brond. it’s hard to
say... Well, i1l say Wnt-1...]which] is the mouse homologue, We could try thet one, ||
So far I've clicked down 15-16 things, and they are either one or the other, either winglces or sigralling. Ah, here’s one...Maybe I'll go thwough the
reat of the list, and then come hack 1o thet. Here's anothet one, “ocl’ 0 that's a gene.  And Ut looks familisr. Oh, there’s just iwo. ‘mup’, and
‘cel’. That sccme very unlikely, that these'd be only Iwo related terma thet come with both of those....So I'll go 1o “rep”.

Selects next search straicgy bsed on background
knowledge and curiosity abuut s relationship.

Disappoinicd there are cnly two tenms related o
both query terms.

So this has to do with the physical map. And I'm really missing the link in what *wnt-1* and ‘signalling’ have 10 do with the physical mmp of
Drosophila...I'm it reslly making that connection. fexp:Actually when you selevted ‘map’, it only searched on “map’ |

Ok. So mayhe if | went back. L2t me try...Maybe "1l go back. Let’s sco how do | go buck 10... Can | go buck? Is there a way 0 g0 back to where
1 was before?...50 [ huve w0 stant from the b i Oh,  aan't bet, is this the proper spelling for... Enler... et me try winglcss.

[=1 not the original tenms she scarched. Results

Types in three conocpts of inicrest, but they are

are unsatisfactory. Sans over.

[t
[romem |

wingless | wms Jooking for ‘mmp’, but e should sce map under winglces and sigmalling. | may have missed it. | haven’t soen it yet. Soe it's sort of
Type in rew lerm SIGNALLING fusing 10... g0 through all theee terme thet sren’l relevant 1o find the ones thal are, because mnst of this is so genenl. | mean, like ‘restriction site” Confowusded by inability 0 do her search.
map tas really mothing 40 do with wingless and signulling ....So maybe this isn’t the best way 10 do this. ] think it would be better, probably bess time if || Starts sgain.
1 wert back 0 wingless and signalling and got mep again, and then followined through the way 1 did before.
| Sclected with markee Iﬁ Dint-) . . i Confused about links between terms, Ftered
SIGNALLING This is different than what | saw before. Why is it different? Dint-1 this time insioad of “wrt-1°, Staris again.
"‘1 Dira-4 So now, someplace on here wes “signalling. Oh, here it s, 38. H Finds term she expected. Marks term 10 search. ]

SIGNALLING

Ansd nevw manbes 16 should be *mup’. But i isn't. This is weird. No this is differem tan last time, Why is that? hecsuse i did really good with
this thing. And all these, the first 28, are just under “sigrulling’. Oh, somehow it didn’t do ‘wingless® and ‘signalling’ together. Jt only did
sigralling. What do | do now?

S. expecied that by teacing from e to term, o
was honing W 8 finer and more specific scarch.

LO1



[ Action |

Sclected with murker

Subject 3 - cont.

User’s Comments

L Interpretation

snmmd I MATERNAL EFFECT I——

1 think I'll start with that and soe what we get first. So [ typed in ‘malermal effect’, and finst of all, | sce ‘matermal’ and “effect’, which are really
obwiously pretty genenal... ‘Macrmal effect mutation” is highly relevant. ‘Effect mutations* docsn’s mean snything. ‘Lethal” and ‘phermone’ are also
relevant, These tno pries, § don't bww what they sre. "Mutations’ is 60 gerersl. ‘Fermbke sierile’ is higly relevant.. Here's *female sterile’
capitalized. And this thing, | don't know what the context is. So why doa't | kind of ook through here and try 1o pick sumething thet I'm pretty
familiar with.

Kentifies tenms as being relevant or irrelevans.

No explanation offered.

‘

| Type inrew lerm l.— oskar

Sclocted with mwrker

osk

K just cocurred W me that theee is one gene tat’s very well inown in the liscrature, calicd ‘Oskas®... i may be in here. Maybe 1)l do that. So this
is very famous. So [ presume that *pole’ has to do with the posterior pole, but ‘pole’ by itsclf isn't realty useful. ‘Cell formation®, Oskar is invotved
in pole cell formmtion, but *cell formation” by iself isn’t very useful. Tudor, ‘tud”, is another posterior group gene. This is highly relevant.
‘Localize’, well, Ostar is Joculized posteriorly, so [ gucss tat would be rclcvant. So here’s the gene ‘cel’ that [ don’t know. “Formation isn't very
informative. ‘Val Wall® is higly relevant. ‘Ruth Lehmann' is also highly relevant....

Tries a term known 0 be axnemon in the liermture.

‘qw with martes |

rm.s CELL romm«m]

So maybe 51l look up “poic cell formmtion® and *Oskar”...S0 Oslar comes comes up on top. So “Olada wrote 8 paper on pole cell formation and
Oskar, Okada and Kubmieshi published 8 paper on irge mitochondrial RNA and pole ce!l formmtion. Seems like there are some mames missing
here, and | can't come up with them right now...There are several pupers on this subject oul there, I think. Actusily none of these (here] have pole
cell and Oskar together, Why is that?

Bmhnmnuinnh-dmhnhdp

of the lierature.
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[ Action I

Subject 4 -- Novice

User’s Comments ]

Interpretation

I Type inrew kerm I___

—.I KIDWELL, M.

I Type in new teem ',_

Oh oy, arad these ] am fight there... That's quite extensive...How can [ sce if there are sdditional ficnme]?
Oh, o1l the suthors. Sure, § mean | Inow several of these poople.
This guy | know. 1 don"t know who that is, e that s 1967, Or no, now is this the year?

Krown item scarch: author is subject’s b dirctor.

§ initinlly assurnce weight numher is year, and that
he would mut know anyone as far back ss |987.

All of this looks very good. This is kind of an unsunl onc, beceuse it socm prenty general. [trans formmiion] Bist 1 would not sssocistc

tat with Gmt mame, though. | am sssuning these were cither keywonds on the paper, or they were in the itk of the artick? In the
shetract. Ok..."transformation”, that could be in anyone’s sbetract..."Regulation, | gurss would be annthes one thet could be in

8 Jot of abetrscis thet were wwcisied 10 cach other. bocause that's such & perenl lem...

This is certainly very specific (pointing 10 “Tybrid dysgenceie’). And “sierility” is kind of a geacral term. “Regions® is obviously wery gencral.
And molocular is, $00.

Defines ‘grocral’ weme e being widely wed.
No elsbomtion on definition of “very specific’,
Dr. Kidwell's works in the sres of “ly brid
dysgerceis’.

We can conchude that *wery opecific”
terms may be those unique 10 the suthor’s work.

The thing tet’s difficult 10 el is tht ierme that ought o be there...ng that are] mt there. I'm just seying, it's tard W think of ...
beceuse i°0 such ® kg list. K's really hard w0 sec ot firn. You'd huve 10 really saudy it and soe if there's anything messing. | really
doubt i, if it taken ou of the sbetracts.

Finds display difficult 10 readily cvahmic,
T of sty dutab

llwd!mldlﬂ'mdllhuumﬁhe wbdtvwmlym‘mlunlywldhmnmlo of not 10 pick up something like
L ®, becaune.. ywmnldjulp‘clwcwrym"-‘ L i for ching seveeal markod nve ]

d option

Conx e over sppropriatences of very gencral
e is cmeod upon kesrning of marking function.

l Type in new «erm '—

HORIZONTAI
GENE TRANSFER |

I RUBIN, G.
TRANSFORMATION

Ol mynuwuldu) g Jike ‘diverse pop *. [‘blhyhvcbbzunlhnlu l.httwvlvdd Inquires sbout procedure.
nvalid. S typed in *Horizontal gene transfer, which was not found .

Experimenter suggesied slicrmuic scarch form = > ‘horizontal” + ‘gene tmansker”,

Can you do a search...with an suthos and then annther subject?

i Kawwn fsom scmrvh

S this is an suthor, and it also has & subject asencisted with it. everything books fine, This mmy not have boen » punicularly good ides,
tecause this fellow hus publishod @ ket There’s 200 terme there, and & lot of what he has dovee probubly has that seoond word
“drmew formmtion” in i, hecause it's & panticular technique that he waes & ot

Gors ) subject temm + opecifio suthor.

Now dace this meun that this fellow published 8 paper with this other guy?...boasuse this follow right here, Crampton, hes nothing W do with

Drosophits =t all. Wcllmlmlly.h:&ml.‘m-nnlhn‘wnhMathm here, who is sctually s colicague of thie guy (Cemmpum).

They wawk with qui (Fxp d it is presible they may have imde some referonoe in their ahetract | b ccrainly is,
mhuhnqwuhumhuiumm“nﬁmkvckpdinbmxﬂnh..'n:yn-th-mvfyudlhundwh
when they citod the techniques that were dewe lupod for L phil ing W0 ece thet,
Immhdumﬂ-moluuhnmrﬂdnmrﬁgbauywmj\mpchgwallmdmww' There ia probubly
8 mwre efficient way of doing it mthet than just scrolling through all these teams. And then there is 2 sy that you could do this search

by using...So this la either ‘Rubin® or ‘tamsformetion’, Could you do it.... I st be “Rubin’ arnd ‘transformstion®?

Asaumes poople on list work wogether.

" 4t

deermination of relodnees on

Basce
of historioal deve kopment of ficld

Citce disndvantege of scarching on penenl terms:
broad range of looscly releicd terme retrieved.

Concludes that tochniquoe ars gencral ierme.

Selocted with mar!

Pelement

RIO, D.

1 kind of smntad 10 soe what you would do if you did something thet wae estrernely general. (Now 1°d like 0 do surnething thet is very

specifio...where you only get like two citations, of something...Let"s eoe, this would be intercsting. Those two terme are slmost synonymous..,

Wow, 201. (1'm] just exploring. | kind of libe that one... mambes 33, ‘duy”. | don’t know whet thet is. Now, if & sere someons’s pereons!
rwume # would have been cepitalized .. | kow very few Drasophils goree. There are aectainly o bt of interesting genee. Well, thees gencnl
come thel are in there, hecause there aren’t so many listings, they din'‘t scem 10 be & problem. | can soe where if you were 10 got 2000....
relntod terme, and you ket nening ecroes these frirly gencrl tcnms, like ‘oculturmd” for cxample, that you might get o Jittle tired of soeing
thet, boamuse you'd have to wade through 50 muh of theee bind of general i (0 get 10 what you are specifiaally looking for there. But
with 200 lenme, it’s nt 8 problem ...1°d mther they sere there than someching that waa totally irrelcvant,

Curious about the more wercating, unfmmilise
terme fonwd in scarch weing ‘awre specifio tenms’.

Coneiders size of Jist nmmagoable,
Swpped when fneireted with isorfince,
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I Action I

Sclectad with marker

Selecwod with marker

| Type in new crm I-—

Sclected with marker

Subject S —- Qutsider

MMAGINAL WING DISC

r User’s Comments Interpretation
They scem pretty much related.  So can you get other things besulcs the terme? Can you go and scarch? Oh, you can’t. k just
gives you an idea of things that could be rehated, or what? So could you go and scarch for anything that you'd like w? . w of opti
P 28 10 mnge ions

JROSOPHILA IMAGINAL |

So if | mark one of these, will § get.. the same rms again, or will it Jink il 40 some other stuff that is more related 10 Gt specific one?

available; tcsting marking function.

Well, most of them are somchow related. You have othes terms that are really very general, Like “transcrips”. Ahthough it could be
transcripts in the imaginal disc of Drosophila....Let"s sce, can | get anothes term?

Dint-1

Ok. So you have some tat sre releied, and some that | have no idea what they ase. lexperimernser: Which oncs sre related?}
Well, most of them.  You have things thet re, like *positional”. that's o general...And then if you could keep scarching here, soc “role’, thet
would be 8 neat thing o have.

Soce general wme s pectinent if relationships
10 othet erme aan be identified.

et s

“ISA* relntionshi pocts geves listed

‘GMENT POLARITY GENES

| Scicowd with marker ll

ROLE

So it isn’t just the word ‘scpment”. | thought | lnd marked ‘segment polarity gene”....Looks like same segment polarity geres. | think
some of temarc. 1don’t remembes them now 0 tel) you easaily....  So how doce this scarch? Anything...that has the word role will
be picked up?...0k, but docs this scarch ‘scgment polarity” and ‘role’, of just ‘scgment” and “roke’?

are examples of scgmens polarity geres. .
Confusod about trunantion in display of qucry
. !

I Type in new teem |

DORSAL-VENTRAL POLARITY

The first two terms were just the two terme thet § typed in, just split up. And then you bave a gene that is relsied... ‘Establishmen®

1 think that is somewhat relevant if you were inicresiod in how dorsal-veniral polarity is cstablished. But of course, it is @ general
term. But [ thing it is somewhat related W it in this iwlance. If | were going o figiwe out...how the paticm is established, then | would
30 there, of course.

*Gere product®. | think thet is gene ral, bug then if you want 10 scarch for 8 gene product that is relstod 10 thet, then it beoormes
important. If you want 10 link & gene product and & geno name, like “Toll gene”, for example.

Soce general \crms a4 pertinent if rclationships
0 other termne can be identified.

Ok, 00 good...) suppose this is the name of the Toll gene product. So this is what you are booking for. And thea...you get words like
*product’, 100 general. You get people that sork with that. *Gene’, that’s geneal. ‘Proicin, that's geacnal...

So | think even though some of the things secm 00 general whea you first look st them, sometimes they may help you with your
scarch by giving you amscat, Espocislly if you doa’t bnow cnough. Foe caample, *chamoterisation”: if you have that word alore, it
docsn’t mean anything.  But if you ere talking about chamaterization of the gene, then it becormes important...
So now, if | am scarching hese, and § select this, ie #t going 40 scarch Jinnt homologus® and (pointing o || polarity)?

Assumes subjeat is Toll gene product.
Assumes poopie work with prowein.
Questions booloan cepabilitics.

Sclected with markey TOLL GENE
GENE PRODUCT
Selected with marker 1 TOLL GENE
MAMMALIAN HOMOLOGUE

Sorne words like *extersive’, for example. It°s 100 general, bul maybo it mesne exterwive homology, So you know, i can help you
with the scarch. And ‘member’, it is very general, but of course, | know that probably means tmt it is & membes of n geee family, or 8
family of proteins. So if you don’t know anything about it, well, | guess if you don't know anything about biology, thea it booomee
irrelevant. Bt if you know something, and say you want 10 know more sbout that family of gencs, or othes members of the gene famity,
then [ would go 10 Bat..."Superfamily’. So thet probably means thet theee sre maay proicing that share the same chamateristics. And
then with ‘membee’, # moans that this partioulat gene ie 8 membet of & superfamily, So | guces that even though they are very genceal
terme, they oan help you....Maybe you didn's know it was & pant of & family of genee.  You can imele somo deductions .

Iderdifics poseible contexts for ‘genorml® kemna.

Doduoce scrmantio meaning on basis of existing
knowledge of biology.

NURSE CELLS

S0, you heve functions somewhere here?...So | don't know anything about this, and | want 10 know the function. § don™t know how |
would go about this. §didn’t get the word “function’ here

S0 how wanild | go st searching “defoctive’....with ‘Nusse Cells® [defective i sctually listod as & gene mume (g).] , that's whnt [ am
scarching, if | don't get *Nurse Cella® again? | sclootod ‘de fective’ before....Or should 1 scarch sgain, ‘defective” and ‘Nurse Cells’?

Misd " ing of 'K * offred.
Thinks function will be revealed in same way she
ms boen scarching for ‘ole’

Marked seem, tat did not use the *Use marked
term’ meau function.
Misecd type referonce. ‘defoctive’ is & gone,

o1l



l Action

Subject 6 — Outsider

User’s Comments

|

Interpretation

l Type inccw serm ]__

|[ Scioctod with tmurker

f—

| —

s 4]..__

l Type inrew crm }—-

|

BROWEK, D.

Whu? No, | 't know what it menns. Erased. I've never beard of it bs it 8 gene? 1
O, so why wasn't it finding it before. Why is it called *Ecused‘?.. Why docsa’t i call i ‘engrailed?
..."Engrailed #t wht | worked an for oty subbutiu!, and I've never beand it culicd *Ernsed”. Thet's so bizarre.. Basca detcminution of rlatcdiees vn caperenve
b o the ficld,
Ackow edges ermminvbigy of fichd is much kerget
tun any singie wer’s domuin wasbulery .
Wall, agsin, | don’t knww whmt ‘Erascd” is. Dint-) is anuther kemm for “winglcss’, which | dun't sec an here, bus it should be here sumcplace.
Sume of theae | doo’t know what Uy arc...Theee are & bt of gencs ! don’t knww....| think i s incvitble thet you're goung © find sonnectinns thet
sren’t weeful W poople.
Well, some of them are, like we were tlking before, just kind of uscicss, lite *hxus’ and *gene’ and “geacs’. There are mure fusther down, | gucss . .
1 dere o puge down? So§ guess the quesiion is, are there once thet §'d Like w soe thet are funter down on the list, below oncs like “well’, [vhich) [~ Defince ‘uackeas” teomm 4s beuy
are 00 peneral that they ase not usefdl....Again, D. o lnogasicr, hat docsn't scem uscful. K'e going 1o be cwerywixre. on-uniqe, ubiquitous.
1 sce 8 kot of authurs, but they are pooplc who huve nut published @ kt of papers this year. Danny Brower, be should be much higher. He is onc of R . ) .
my cullcuguce upstairs that wrks on this.....| sce 8 bt of poople whiwe papers are fumiliur 10 oe, but | dun’t know that | could really suy thut Uey  foe—d *‘“l"""'”"‘"k""“""'h‘""'“yh"m""
hould be highes up. depending on uscr’s capusure w fickl
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Abstract

This research describes an algorithmic approach to the automatic generation of thesauri
that can serve as online search aides for scientific databases or electronic community
systems. Using object filtering, automatic indexing, and cluster analysis techniques,
we extracted key terms and phrases representing Drosophila-related research knowledge
from a core collection of Medline and Biosis abstracts. In addition to subject descriptors
from the named databases, objects used in object filtering included gene and protein
names, cellular and biological function names, researcher names, and subject descriptors
from FlyBase, a database currently in use by molecular biologists in the Drosophila
melanogaster-related research community. On average, each term had about 41 weighted
(0..1) neighboring terms indicating relevant concepts.

We tested the fly thesaurus in an experiment with six fly biologists of varying degrees
of expertise and background. This study confirms earlier research (of C. elegans worm
thesaurus) that demonstrated the feasibility of an algorithmic solution to the informa-
tion overload problem in databases and the vocabulary problem in online information
retrieval. The knowledge and literature representing Drosophila research presents im-
portant challenges, including non-standardized naming conventions, a long history with
a great deal of vocabulary fluidity, and about ten times the volume of literature repre-
senting the worm research. The experiment showed that the thesaurus was an excellent
memory-jogging device and that it supported learning and serendipity browsing. Despite
some occurrences of obvious noise, the system was useful in suggesting relevant concepts
for the researchers’ queries. The experience and lessons learned during the fly thesaurus
development and evaluation process are presented in detail.
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1 Introduction -

Biological research is highly data-intensive, and data accumulation in this area is growing
extremely rapidly because of massive efforts such as the Human Genome Initiative and
other genome mapping projects. At present, the genomes of several organisms are being
sequenced and mapped, including Caenorhabditis elegans (nematode worm), Drosophila
melanogaster (fruit fly), Mus musculus (mouse), Homo sapiens (human), Escherichia coli
(bacterium), Saccharomyces cerevisiae (yeast), and Arabidopsis thaliana (plant). Because
communities in molecular biology form around organisms rather than techniques or prob-
lems, the results generated are stored in separate databases by each scientific community.
Information about the identity, function, cytological and genetic location, mutations, and
aberrations of any particular gene is therefore scattered among a variety of distributed,
heterogeneous databases.

These systems range from elaborate, sophisticated database management systems to
unstandardized machine-readable files created through text conversion. Distributed, het-
erogeneous databases are preferable to vast, centralized databases because of such inher-
ent difficulties as file size, currency, updating, and retrieval. Nevertheless, the resulting
problem of information scattering makes it difficult for scientists to share and compare
information that exists in different files. Connectivity among databases is essential if
scientists are to make full use of their contents. Adequate tools for structuring and ac-
cessing the contents of a diverse and heterogeneous collection of scientific databases are
needed to unlock the knowledge embedded in them. Tools developed for this purpose
must address the following problems: information overload, information scattering, vo-
cabulary fluidity over time, unstandardized nomenclature, and semantic differences in the
vocabularies used by the various subdisciplines of biology.

2 Scientific Databases, Electronic Community Systems,
and Information Retrieval Problems

The Human Genome Initiative (HGI) offers tremendous challenges not only to the biol-
ogy, biomedicine, and genetics research communities, but also to the information science
and computer science communities. According to Courteau [7], 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 of every gene of the hu-
man genome and the genomes of other model organisms. The vast amount of knowledge
accumulated during the project’s scientific discovery process can only be managed with
the use of computing technologies that support efficient and effective storage, retrieval,
and analysis of information, that foster seamless distributed scientific collaboration, and
that facilitate timely information dissemination and sharing.
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FlyBase [11] is a set of linked databases designed to provide the Drosophila research
community with access to broad and thorough coverage of molecular, genetic, and com-
munity information. The Drosophila community is one of the oldest groups in biological
research. Most of the knowledge it has generated has been recorded in two sources, the
“Redbook,” (i.e., “The Genome of Drosophila melanogaster,” by D. L. Lindsley and G.
G. Zimm, Academic Press, 1992), and the publications of the Drosophila Information
Service. FlyBase gives promise of providing improved access to domain knowledge
through use of computer technologies.

A consortium of Drosophila researchers, funded by grants from the U.S. National
Institutes of Health (Washington) and Medical Research Council (London), guides Fly-
Base development and provides advice on preferred formats to groups developing allied
databases and to individual contibutors of data. FlyBase is accessible and searchable
through Gopher client software, or obtainable via anonymous ftp from its primary archival
site at the Department of Biology at Indiana University (IU). The primary database
consists of a series of flat files that contain molecular and genetic data on Drosophila
melanogaster, including the entire contents of the *“Redbook.”

In order to provide comprehensive access to Drosophila information, the [U Depart-
ment of Biology also provides access to numerous “allied” databases developed at other
institutions, each with its own focus. Included are a unified bibliography on Drosophila;
pointers to nucleic acid and protein sequence databases; stock lists directing researchers
to sources of clones and other biological reagents; a genetic map of Drosophila; a list
of Drosophila genes sorted by function; lists of clones from European and American
sources, and instructions for placing orders; a directory of Drosophila workers; and other
associated databases useful to Drosophila researchers. Forums for informal communi-
cation between researchers are provided through the Drosophila Information Newsletter
and a Bionet News group dedicated to Drosophila research. Each information source is
resident on computers at its “home” institution. Access to the complete set of databases
is organized through the [IUBIO Gopher site. '

In addition to various genome databases such as FlyBase, electronic community sys-
tems (ECS) have been proposed and implemented. These have drawn significant attention
recently due to the rapid proliferation and advancement of computing, databases, and
telecommunication technologies. An electronic community system encodes a research
community’s information and knowledge and provides an online environment to support
the manipulation of that knowledge. An ECS enables researchers of a scientific commu-
nity to enter and share community knowledge and findings in a timely manner and in a
distributed environment, and thereby to function more efficiently and effectively within
the community.

An advantage of this type of system over traditional databases is that an ECS enables
users to browse the available knowledge easily, record their own knowledge for others to
use, indicate authorizations for users to either view or annotate their own data (7], annotate
entries from others’ research, and form interrelationships between concepts [21]. An ECS

2
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is much like an electronic library where users can browse for relevant information, filter
out information they do not currently need, and share data that they have collected [21].

Another novel characteristic of an ECS is its ability to handle a wide variety of
community knowledge, both formal and informal (21]. In order to “live effectively
within a community, one must have available both formal archival material and informal
ransient folklore” [21]. An ECS provides both by integrating published literature about
formal research findings with intermediate results, experimental protocols, laboratory
notes, electronic bulletin board discussions, e-mail exchanges, and other informal data
sources, and therefore is becoming an indispensable tool that allows researchers to browse,
explore, and understand a vast and rapidly-changing world of scientific knowledge at the
same time it creates a group memory.

The Worm Community System (WCS), which is a major NSF-funded collaboratory
project, has been considered a model electronic community system {17] [22]. Constructed
for C. elegans researchers, it offers traditional database functionalities along with liter-
ature, informal information and research lore, mapping programs and graphics, and the
ability for users to browse, share, and filter a large amount of timely worm community
knowledge. The system is intended to serve not only the entire community of worm
biologists but also other related biology and biomedical community members (21} [7]
[22]. In previous research, we developed a worm thesaurus based on the complete WCS
literature [6]. The worm thesaurus was found to be an excellent memory-jogging tool and
concept-based search aide and was incorporated into the WCS Release 2 made available
to worm biologists in August 1993.

While the formats of the WCS and FlyBase are very different, each attempts to serve
as a central, electronic “clearinghouse” for information a researcher needs to remain up-
to-date. However, despite the potentially substantial benefits of being able to access,
retrieve, and analyze data and information about homologues in other organisms, the
use of distributed heterogeneous databases presents many significant obstacles. Besides
the technical problems inherent in the use of various database formats, other sources
of difficulties include information overload, information scattering, vocabulary fluidity
over time, and differences in semantic meaning and nomenclature conventions between
domains.

In this paper, we present an algorithmic approach to generation of a fly thesaurus. The
main techniques used in our approach are presented in Section 3. Section 4 discusses
in detail the algorithms and sample results for object filtering and automatic indexing
of Drosophila literature and the algorithms and findings of the cluster analysis process.
Section 5 presents the current status of our system implementation and an experiment
we conducted involving subject area experts, novices, and (fly) community outsiders.
Experimental results are discussed in detail in Section 6. Directions for future research
are presented in Section 7.
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3 An Algorithmic Approach to Automatic Thesaurus Gen-
eration: An Overview

In this research, our aim was to apply an algorithmic approach to the generation of a robust
knowledge base based on statistical correlation analysis of the concepts (knowledge)
embedded in the documents of domain-specific, textual databases. The research output
consisted of a thesaurus-like knowledge base, which can aid in concept-based information
management and retrieval. This automatically-generated thesaurus component, akin to
a manually-created thesaurus, can also play an important role in solving a searcher’s
vocabulary problems during information retrieval.

In information science, use of a thesaurus or a knowledge base for “intelligent” infor-
mation retrieval has drawn significant attention in recent years. There have been many
attempts to capture experts’ domain knowledge for information retrieval.- A few examples
are described below. CoalSORT [16], a knowledge-based interface, facilitates the use
of bibliographic databases on coal technology. A semantic network, representing an ex-
pert’s domain knowledge, embodies the system’s intelligence. Fox’s CODER system [12]
consists of a thesaurus that was generated from the Handbook of Artificial Intelligence
and Collin’s Dictionary. The “Intelligent Intermediary for Information Retrieval” (I R).
developed by Croft [8], consists of a group of “experts” that communicate via a common
data structure called a blackboard. The system consists of a user model builder, a query
model builder, a thesaurus expert, a search expert (for suggesting statistics-based search
strategies), a browser expert, and an explainer. Chen and Dhar [2] incorporated a portion
of the Library of Congress Subject Headings into the design of an intelligent retrieval
system that adopted a branch-and-bound spreading activation algorithm to assist users in
articulating their queries. The National Library of Medicine’s Unified Medical Language
System (UMLS) project aims to 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 {15] [14]. The UMLS
includes a Metathesaurus, a Semantic Network, and an Information Sources Map. The
Metathesaurus contains information about biomedical concepts and their representation
in more than 10 different vocabularies and thesauri.

Most of the knowledge bases adopted in these intelligent systems were either generated
manually from domain experts, using the knowledge acquisition process [13], or derived
from existing thesauri (which were also created manually in the first place by some
indexing/subject experts). A complementary approach to manual knowledge base creation
is the automatic thesaurus generation approach.

Vintually all techniques for automatic thesaurus generation are based on the statistical
co-occurrence of word types in text [6] [4] [9] [20]. Similarity coefficients are often
obtained between pairs of distinct terms based on coincidences in term assignments to
the documents of a collection. For example, a cosine computation can be used to generate
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normalized term similarities between O and 1. When pairwise similarities are obtained
between all term pairs, an automatic term-classification process such as a single-link or
a complete link classification can group into common classes all terms with sufficiently
large pairwise similarities (10} [19] [20]. The terms in the thesaurus classes can replace
the initial search terms and be used to increase retrieval recall.

The specific algorithms adopted in this research include: object filtering, automatic
indexing, and cluster analysis. In the following section, we present an overview of these
techniques and our modifications.

¢ Object Filtering:

In (1], Bates 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 legiti-
mate search vocabularies and help searchers “dock’ on to the retrieval system. For
most domain-specific databases, there generally appear to be some existing lists of
subject descriptors (e.g., the subject indexes at the back of textbooks), researchers’
names (e.g., author indexes or researcher directories), and other domain-specific
objects (e.g., genes, experimental methods, organizational names, etc.), either on-
line or obtainable through OCR scanning. These domain-specific keywords can be
used to help in automatic identification of important concepts in documents.

In [4], we used several domain-specific controlled lists of subject keywords, re-
searchers’ names, and organizational names for indexing in a Russian computing
database (with about 200 MBs and 40,000 documents). In creating the worm the-
saurus [6], we utilized author indexes from literature sources, the WCS gene list,
the subject index from the Worm Book, and an existing keyword list.

¢ Automatic Indexing:

- After object filtering, the texts remaining may still contain many important concepts.
An algorithmic approach to the identification of remaining descriptors is required.
An effective and robust method for content identification that is simple and domain-
independent is the automatic indexing technique, often used in information science
for indexing literature. In [20], Salton presents a blueprint for automatic indexing,
which typically includes dictionary look-up, stop-wording, word stemming, and
term-phrase formation. The algorithm first identifies individual words. A stop
word list is then used to remove non-semantic 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.

¢ Cluster Analysis:
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While automatic indexing identifies subject descriptors in a document, the relative
importance of each’descriptor to representing the content of the document may vary.
Salton’s Vector Space Model associates a weight with each descriptor to represent
its descriptive power. Among the many probabilistic techniques that have been
developed by various information science researchers, techniques which typically
incorporate term frequency and inverse document frequency have been found to be
simple and yet very useful [20]. The basic rationales underlying these two measures
are that: terms which appear more times in a document should be assigned higher
weights (term frequency), and terms which appear in fewer documents in the whole
database (the more specific terms) should have higher weights (inverse document
frequency).

Based on cluster analysis [10], the Vector Space Model has been extended for
automatic thesaurus generation (or automatic knowledge base generation). The first
stage in many cluster analyses is to convert the raw data (e.g., indexes and weights)
into a matrix of inter-individual similarity, dissimilarity or distance measures. The
result of a cluster analysis will be a number of groups, clusters, types, or classes of
individuals [10]. In automatic thesaurus generation [9] [4], the most commonly-
used algorithms compute probabilities of indexes co-occurring in all documents
of a database (sometimes referred to as co-occurrence analysis). Just as a human
. inductive learning process generates concepts from a set of examples and benefits
from the largest possible number of examples, a thesaurus created from a textual
database becomes more “knowledgeable™ as it becomes more subject-specific and
larger in the size of its collections. In the biomedical and biological domains,
we have found that the subject matter is often very specific (i.e., gene names,

experimental methods, and topics) and provides a sound basis for performing cluster
analysis [6].

Although the above techniques had been employed in other applications, including the
development of a highly domain-specific, up-to-date automatic thesaurus for the worm
community, the volume of Drosophila literature and the unstandardized naming scheme
utilized in the fly community offered special challenges. During our system development
process, significant adaptation was required to meet the specific constraints and novel
characteristics of FlyBase. ' ‘

Specific concepts like gene names, function names, researchers, and subject descriptors
obtained from FlyBase, and from the large number of fly-related documents in Medline
and Biosis abstracts, provide the foundation for automatic thesaurus generation. FlyBase
itself represents the long research history of the Drosophila community. The volume of
information is estimated as 10 times that of the WCS. The automatic thesaurus generated
for FlyBase uses as a knowledge source a collection of 5,854 abstracts (more than 10 MBs
of textual information) from Medline and Biosis CD-ROM, with a time span between
1983 and 1993. After interviewing several fly biologists at the University of Arizona,

6
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we chose to generate and represent the important concepts described in recent literature
instead of capturing the concepts exhibited in all fiy literature, because the latest concepts
may be of most interest to current researchers. The experience and lessons learned during
the system development and thesaurus evaluation process are reported below.

4 Generating a Fly Thesaurus Automatically

In order to generate a fly thesaurus from the fly literature, we performed object filtering,
automatic indexing, and cluster analysis in order. Sample results are shown in this section.

4.1 Object Filtering

We created four lists of fly-related keywords from several directories in FlyBase and
from Biosis and Medline. Unlike the unified and systematic naming convention used
in the worm community, the format in Drosophila is more free-style. Capitalization
is important for gene and function names. Furthermore, there is no systematic way
to name alleles in Drosophila. Special characters such as left parenthesis “(”, pipe
“|”, apostrophe “/”, comma “, ", slash “/”, and plus sign “+”, are commonly used in
the naming convention. Here are some examples of those names: *“(-Glycerol phosphate
dehydrogenase”, “Ac-SD”, “Su(Ste)”, “1(3)4.15”, “ortl ninaE1”, “ADP/ATP translocase”,
“fructose-1,6-bisphosphate aldolase”, “(Na+ K+) ATPase ( subunit”, and “Casein kinase
II, | subunit”. Because of this unconstrained naming convention, a parser that had been
developed previously and used for several applications [4] {6] [3] was revised to handle

these scientific terms. We created four groups of object filters as follows:

o Gene names: 14,013 unique gene names were identified from FlyBase. Some of
these gene names are synonyms. With information from two synonym lists and
the synonym information in FlyBase, we were able to differendate all gene names
into 5,868 unique genes or groups of gene names. Since Drosophila workers
use upper and lower cases to represent dominant and recessive genes, the case
sensitve characteristic was retained. For example, gene names beginning with
upper case characters (e.g., “Abdominal-B”) indicate dominant genes, while gene
names beginning with lower case letter (e.g., “abdominal-A") indicate recessive
genes.

e Function names: 725 function names were identified from the “function” directory
of FlyBase. The function names share the same case sensitive feature with gene

names. Some examples are “snRNA Ula”, “snRNA Ulb”, “transcription factor
TFIIIA-like”, and “transcription factor Yp1".
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o Researchers’ names: Researchers’ names were extracted from the people directory
in FlyBase and from the “*AU:" (author) field of each document in both Biosis and
Medline. The “people” directory of FlyBase, which stores address and e-mail
contacts for Drosophila workers, contained 4,039 unique researchers’ names. In
addition, by pre-processing all 5,854 documents in both Biosis and Medline, we
were able to identify 6,674 unique author names. Any textual description in the
abstract of a document that matched with these researchers’ names was identified
as a researcher index. This object filter was case insensitive.

o Subject descriptors: Subje-ct describtors were created from both Biosis and Med-
line. Subject descriptors are identified by “DE:” (descriptor) labels in Biosis and

by “MESH:” labels in Medline. In total, we collected 4,996 unique descriptors.
They are case insensitive.

In total, we pre-identified 23,773 terms known to be specific to the fly domains. We
used these object lists to “filter” domain-specific concepts from the Biosis and Medline
abstracts and index the objects to the abstracts.

identify important concepts in Biosis and Medline abstracts.

4.2 Automatic Indexing

After documents were “filtered” using the four lists, the remaining text in the abstracts
was processed by the automatic indexing routine. Automatic indexing implementation

was mainly based on the procedure reported in [20]. The following steps were executed
in order:

o Word identification: This step was modified to address the peculiarities of fly
nomenclature. Unlike worm terminology, which is quite “clean,” fly terminology
includes variable usage of case and punctuation. The word identification algorithm
was altered to recognize words by monitoring spaces. Punctuation was retained.
Some words were converted to upper case, depending on the type to which they
belong. For gene names and function names, case was retained.

o Stop-wording: Next, we used a stop word list which included about 1,000 common
function (non-semantic bearing) words such as on, in, at, this, there, etc. and pure
verbs (words which are verbs only) e.g., calculate, articulate, teach, listen, etc.
Although the list had been successfully used in several previous applications, we
found that that some of these stop words coincided with the gene object filter
defined above. For example, “with”, “if”’, and *“or” are gene name abbreviations,
and so were found in both the gene object filter list and the stop word list. Because
the stop word list was used to remove high-frequency words which were too general
to be useful in representing document content, those coinciding terms were taken

8
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out of the gene object filter to avoid the incorrect inclusion of many semantically
unrelated terms as gene names.

o Term-phrase formation: We then used the term-phrase formation technique to
form phrases from adjacent words in the titles and abstracts of each document.
Based on experience in building the worm thesaurus, we decided to form phrases
which contained up to three adjacent words — our system generated 1-word, 2-word.
and 3-word phrases. For example, “ADDITIVE", “GENETIC", “VARIATION",
“ADDITIVE GENETIC”, “GENETIC VARIATION", and “ADDITIVE GENETIC
VARIATION” were generated from the three adjacent words “ADDITIVE GE-
NETIC VARIATION” in a document. We will refer to these phrases simply as
terms in the remainder of this article.

4.3 Cluster Analysis

After the concept descriptors for each abstract were identified, we proceeded to per-
form term co-occurrence analysis for all documents in the document collection. A term
weighting scheme based on the Vector Space model [20] and an asymmetric similarity
function [4] similar to the popular cosine function [10] were adopted for analysis. The
blueprint for generating such a concept space (we refer to the thesaurus as a concept

space to distinguish it from the information space represented by the Biosis and Medline
documents) is shown below:

e Compute Term Frequency and Document Frequency:

We first computed the term frequency and the document frequency for each term in
a document. Term frequency, t f;;, represents the number of occurrences of term
in document ;. Document frequency, df;, represents the number of documents in a
collection of n documents in which term j occurs. High term frequency indicates
that a term is highly related to a document. High document frequency, on the other

hand, indicates that a term is too general to be useful as a descriptor (i.e., has no
descriptive power).

Usually terms identified from the title of a document are more descriptive than
terms identified from the abstract of the document. This is also the case here,
as confirmed by fly experts at University of Arizona. In addition, terms identified
through object filtering 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 retained automatic indexing terms that appeared more than three times, in order
to remove incidental noise terms. The total numbers of unique terms generated

9
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| Type of Descriptor | Number of Terms |

Genes 4,875
Functions 182
Rescarchers 8,349
Subject Descriptors 155,523

[ Total l 168,929 ]

Table 1: Number of unique terms generated from Fly literature

(through both object filtering and automatic indexing) from the fly literature are

shown in the Table 1. Not surprisingly, subject descriptors constituted the largest
share of the descriptors.

Combine Weights:

We then computed the combined weight of term j in document ¢, d;;, based on the
product of “term frequency” and “inverse document frequency” as follows:

dij = tfi; x log(j};- X wj)

where N represents the total number of fly documents, and w; represents the number
of words in descriptor 7. Multiple-word terms were assigned heavier weights than

single-word terms because multiple-word terms usually conveyed more precise
semantic meaning than single-word terms.

Perform Co-occurrence Analysis:

We then generated a term co-occurrence table based on the asymmetric “Cluster
Function” developed by the authors. In a previous experiment we showed that this
asymmetric similarity function represented better term association than the popular
cosine function [4). The weighting factor appearing in the equations below is a
further improvement of our cluster algorithm.

ClusterWeight(T;. Ty;) = E’,";l-(f—l”—k- x WeightingFactor(T})
i=1 %1

ClusterWeight(Ty, T)) = %;;1%—’5’- x WeightingFactor(T})

10
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These two equations indicate the similarity weights from term T, to term Ty (the
first equation) and from term T} to term T ( the second equation). d,, and d,; were
calculated based on the equation in the previous step. d;;i represents the combined

weight of both descriptors T and T} in document i. d;ji is defined similarly as
follows:

dijx =t fijk % log(% X w;)

where tf,x represents the number of occurrences of both term j and term & in
document : (the smaller number of occurrences between the terms was chosen).
dfji represents the number of documents (in a collection of .V 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 adopted the following weighting schemes:

A

o log =
Wetahti (T, = dfe
VeightingFactor(Ty) og V

Weitghting F' T, logj};-
ergnting - actor( j)—m’

Terms with a higher df}. value (more general terms) had a smaller weighting fac-
tor value, which caused the co-occurrence probability to become smaller. In ef-
fect, general terms were pushed down in the co-occurrence table (terms in the

co-occurrence table were presented in reverse probabilistic order, with more rele-
vant terms appearing first).

Sample entries in the system-generated co-occurrence tables are shown in Figure
1. As shown in the co-occurrence table, “DISCS” was found to be most strongly
related to researcher “BROWER, D.” with a weighted probability of 0.286650.
The other terms related to researcher “BROWER, D.” were listed in descending
order. In the second entry, gene “e(bx)” was found to be most relevant to gene
“white”. In the third entry, the subject “LOCALIZED” was founded to be the most
relevant to researcher “LEHMANN, R”. The last entry revealed that the subject
“HOMEOTIC"” had as its most relevant term the gene “ANTC".

Apply Thresholds:

Without setting a probabilistic threshold for the co-occurrence table, the total num-
ber of co-occurrence pairs was 811,356. Some terms may have a few thousand

11
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. BROWER, D.

NN —

. BROWER, D.

white :
white :
. white : y: 0.06
. white :
. white :
. white :

LY T

. LEHMANN, R
. LEHMANN, R

ON WA £ W) —

. HOMEOTIC :
. HOMEOTIC :
. HOMEOTIC
. HOMEOTIC :
. HOMEOTIC
. HOMEOTIC

Oh A £ WD -

. BROWER, D. :
. BROWER, D. :
. BROWER, D. :
. BROWER, D. :

. LEHMANN,R. :
. LEHMANN, R.:
. LEHMANN,R.:
. LEHMANN, R

: DISCS: 0.286650
IMAGINAL: 0.268820 :
IMAGINAL DISCS: 0.252820
PS: 0.246420

Erased: 0.226450

: 6-Pgd: 0.193650

e(bx): 0.099470
apr: 0.087560

7830

LOCUS: 0.067480
TRANSPOSABLE: 0.057010
copia: 0.056630

LOCALIZED: 0.354240

osk: 0.337590

nanos: 0.337590

: EMBRYONIC POLARITY: 0.337580
CELL FORMATION: 0.314820
POSTERIOR: 0.229400

.
.

ANTC: 0239970
HOMEOTIC GENES: 0.170770

: Abd-B: 0.136610

DROSOPHILA HOMEOTIC: 0.098420

: GENE: 0.097500
: EXPRESSION: 0.094800

Figure 1: Sample co-occurrence table

related concepts. The enormous volume of these data not only used a lot of mem-
ory, it might also overwhelm searchers during the thesaurus browsing process. For
productive user-system interaction, only highly relevant concepts should be sug-

gested to searchers. Based on

our experience from worm thesaurus generation (6],

we chose 100 as the maximum number of links for any node. The resulting fly the-
saurus contained 748,253 pairs of related concepts. After applying the thresholds,
the total number of unique terms found in the four sources was 18,099 (a signif-
icant portion of the less common subject descriptors was removed as a result of

this process). On average, eac

h term had about 41 relevant neighboring concepts.

5 Current Status and Experimental Design

Our prototype system, which consisted of a thesaurus generation component and a the-

saurus query system, was developed
stations, and DEC Alpha. It took

in ANSI C and ran on SUN SPARK stations, DEC-
10.6 hours of CPU time to generate the thesaurus

12
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using a DECstation 5000/120 (25 MIPS, ULTRIX-based). The resulting size of the fly
thesaurus was 13.5 MBs. Users browse the thesaurus through a query interface that was
previously developed for use with the worm thesaurus [6]. We present.a sample fly
thesaurus query session first. We then discuss an experimental design that was adopted
to evaluate the usefulness of the fly thesaurus and to identify areas for improvement.

5.1 A Sample Session

A sample sequence of query sessions is shown in Figures 2, 3, and 4. After a previous
session involved cell death (as shown in the main window), the user was interested
in finding something about homeotic genes, a class of genes involved in body pattern
formation in the developing fly. The term “HOMEOTIC” had been entered in the new
query box. Although multiple terms may be searched together, the user elected to search
only one term, as indicated by the lower case “q" entered for term 2 (Figure 2, bottom
box). Figure 3 shows a display of relevant terms in decreasing weighted order. As
expected, we see that a number of gene names have appeared on the list of relevant
terms. We also see that term 2 indicates that the term “HOMEOTIC” is descriptive of
certain genes. Term 24, “EMBRYONIC”, confirms that “HOMEOTIC” does indeed refer
to genes in the developing fly. Terms 1, 10, 11, 18, and 32 are all variations on the word
“antenna”. This makes sense, t00. A group of genes important in the proper development
and placement of the fly antennae are known to be clustered together on the chromosome,
and are called “Antennapedia Complex.” Furthermore, terms 3, 7, 9, 12, 14, 15, and 16
are all gene names.

The user was interested in determining whether any of the system-suggested genes are
included in the Antennapedia Complex, and marked terms 1 (ANTC), 2 (HOMEOTIC
GENES), and 17 (COMPLEX) for further searching. The menu choice “Use term(s)
with marker” under “Thesaurus Re-Query” re-activated the thesaurus. Figure 4 shows
the result of the iterative query using the three selected terms. We see that ANTC (term
1) appears to function as a member of an immunoglobin superfamily, and that the protein
expressed by the gene appears to be glucose dehydrogenase. We also see that six of the
gene names that appeared on the list of terms suggested for “HOMEQTIC” (3, 4, 7, 14,
15, and 16) directly relate to all three of the marked terms, as indicated in the square
brackets following the co-occurrence weight. Thus we can surmise that these are all
member genes of the Antennapedia Complex.

A user can iteratively query more marked system-suggested terms as many times as
needed to arrive at a list of sufficiently specific terms. Alternatively, the thesaurus can be
re-activated by entering new user-suggested terms. Terms selected by a user during the
iterative thesaurus browsing process are recorded in a separate area. For the fly thesaurus,
the abstracts from which the terms were extracted are not retrievable. The next stage of
development for this thesaurus will involve traversal from the fly concept space into the
previously generated worm concept space and will feature capability to retrieve worm

13
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Figure 2: Enter HOMEOTIC

documents using fly query terms.
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A fly thesaurus evaluation experiment was conducted in Fall 1993. The experiment con-
sisted of two parts: a term association experiment and a searcher browsing experiment.
In order to investigate the effects of a searcher’s background on thesaurus usage, six
subjects at three levels of expertise were selected. Subjects 1 and 2 were considered
experts in Drosophila biology. Both were faculty members with more than 9 years expe-
rience in Drosophila genetics, and had published numerous papers in this area. Subjects
3 and 4 were considered novices: one was a doctoral student in Molecular and Cellular
Biology; the other was a postdoctoral fellow in Ecology and Evolutionary Biology. Both
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had worked in laboratories dedicated to Drosophila research for at least 2 years. Subjects

5 and

6 were considered outsiders. Both worked outside the fly domain but had had

exposure to fly concepts and had reasons to be interested in using a fly thesaurus. Sub-

ject 5

was a faculty member with limited previous experience in a Drosophila research

laboratory (1 year sabbatical). Subject 6, a doctoral student with extensive experience in

worm

genetics, had frequently attended fly-worm joint seminars.

Term Association Experiment:

The first step of the term association experiment was to give each subject a pre-
selected term. Ten fly terms chosen with the help of several fly researchers were
presented to each subject in order. These terms included researchers’ names, gene
names, and subject descriptors. The subjects were asked to write down concepts
(genes, researchers, and subject descriptors) related to each pre-selected term. A
sample experimental sheet for one of the terms, “white” (a gene name)' and the
12 related terms generated by Subject 2 are shown in Figure 5. Subjects were
then asked to mark terms suggested by the fly thesaurus as irrelevant, somewhat
relevant, or very relevant. Figure 6 shows a sample system term association sheet
for the same term “white” after a subject generated his own terms.

Searcher Browsing Experiment:

After the term-association experiment, subjects were asked to browse the online
fly thesaurus freely — using any terms they preferred and exploring any way they
liked. During browsing, subjects were asked to think aloud, and to give specific
comments, observations, or suggestions regarding the user interface and the quality
of the fly thesaurus. Their complete online sessions were logged. Verbal protocols
were recorded and later transcribed for analysis. We aimed to identify directions for

Y“white” is very commonly known. [t was the first mutant ever found in Drosophila.

17




133

?
nct sure .eave

4
s irrelevan:,

[ "N

4) white

e(bx) ceeveces
AP seeenes
Y teeereananns
LOCUS tievnenn

TRANSPOSABLE

cla siieeenn
PP
TATIONS ...
——
va'so\v s 00

~
<
te
1%
~
[(Oh

cers s e

NOUCTICN ...

re MK O

roughest ....
crown-iike ..
1(2)4CFb  ....
Stalker .....
E(wa) ..v.0ee

Temale steriie
JUNSTABLE ....
Plum ceeeeenn
GALL  saessenne

GENETIC .....

VARIEGATICN .
MELANCGASTER

REPAIR ......

vemr e
ALLELZ cs e

ELEMENT .....
ELEMENTS ....
M iiiieieians
INSERTICN ...

ZXTISICN ...

it blank., A

cerm hRat is IoC general

ease evaluate inhe term associations suggested by
-

.y Thesaurus.
s consiceres

ne ¥
4

Somewhat
Irzelevant Relevant

Very
Relevan:

cses .
csee .
csee .
veoe .
“aee .
es e .
cese .
PR .
cone .
PR .

.
coee .
ceee .
ceee .
PR .
cese .
ou . .

e .
e e .
e .
s .

cs e .
seen .
e .
s e .
er e .

se s .
R .

Figure

6

.
.

Sample system-suggested descriptors’

18




134

system improvement through the detailed analysis of the protocols. The complete
association and browsing experiment lasted 1 to 1.5 hours for each subject.

6 Results of Fly Thesaurus Evaluation

6.1 Results of the Association Experiment

¢ Finding more relevant terms:

By counting the numbers of terms generated by the subjects themselves and the
system-suggested terms marked as either somewhat relevant or very relevant by
the subjects, we were able to tabulate and analyze whether the thesaurus was able
to contribute relevant terms during a retrieval process.. An analysis of variance
procedure (ANOVA) using a statistical package MINITAB [18] was conducted
for the search terms, followed by a two-sample t-test to determine the differences
in means. The results are summarized in Figure 7. Qverall, for each term the
fly thesaurus (KB) was able to suggest 11.200 terms. Subjects (All) were able
to generate 12.017 terms by themselves. Like the findings in WCS, the expert
group performed better than both novice and outsider groups. However, unlike

the findings in WCS, the outsider group performed better than the novice group in
generating relevant terms.

For the fly thesaurus, the two-sample t-test revealed that there were no statistically
significant differences in means (at the level of significance of 0.05) for (ALL vs.

KB, P-value=0.689), (NOVICES vs. KB, P-value=0.708), and (OUTSIDERS vs.
KB, P-value=0.367).

Concept recall and concept precision:

In contrast to the document recall and precision measures typically used in in-
formation science research, we adopted concept recall and concept precision for
evaluation. Instead of examining the number of relevant documents retrieved, we

counted the number of relevant terms (concepts) identified. They were computed
as follows:

Number of Retrieved Relevant Concepts

C t Recall =
oncept Keca Number of Total Relevant Concepts

Number of Retrieved Relevant Concepts
Number of Total Retrieved Concepts

Concept Precision =

19




135

LEVEL N MEAN
All €3 12.3.7
X3 ] 11.2°¢C
PCCLEZC STZEV = 7.3C2

LEVEL N MEAN
Zxperts 20 17.05C
XB 2C .6.35¢C
?00LED STDEV = 7.834

LEVEL N MEAN
Novices 2C 7.200
XB 20 7.85C
POOLED STTEV = 2.433

LEVEL N MEAN
Cutsicers ...80C

<
X3 20 3.7C0

ST2E
8.288
7.283

STCEV
7.7C8
7.957

STDEV
5.167
S.724

ST2EV
8.721
$.449

INDIVIZUAL 95 PCT CI’S FCR MEAN
3ASEC CN POOLED 37T3E
O e }
B T )
1.3 12.2 13.5
L ettt D )
s RS E RS )
15.0 17.5 2¢.0
- - - - - - - - ——— - - - - - -—---—
(mmmmemmeceaee D )
R Temmemeeeee )
.8 6.4 8.c 9.6
(mmmmmmmmemm- fememmemeeeen )
O et R )
7.5 1.0 12.5 15.0

Figure 7: ANOVA analysis for relevant terms




136

INSIVIZUAL 33 2C7 CTI's TCR MEAN

3ASES CON PICLEZZ 37C:zv
VIl N MIAN STOEV =emveccccccccrcrmmcccccrcc e ccnc e e
ALl 18 T.338l 2.233 [ e Yeememameaan )
X3 i3 1.438C .2822 (m-e=mmemeee- R i )
220LEZ STIEV = 2.2382 2.430 3.582 S.33¢C 2.63¢C
LEVEL N MZAN STOEV mmmevemmcmccccemcececccemccmae e ee
Ixcerts 23 2.337%6 0.2038 (R et LR it )
X3 22 3.4837 C.2081 (cemwmcecca-- L )

cmcetecccccccarascecmmen temcceccocena
2CCOLEZ S5TSEV = c.2C58 2.420 c.49¢C .56 Z.83C
Lsyer N MZAN STDEV eeecetwmcecacae tececocccncanccraaneran
Nov:ices e t.3286 2.27C2 [ Tecsconccarcnan- )
“3 .2 t.3%23 2.2762 (emmmmecccccacana LR s )
2C0LZ> STIEV = l.2732 C.43C 2.480 2.36C 5.843
LsvEL N MZAN STOEV  emecemmcmcc e cceccccceecmmcmeemean
Outs:ders 20 2.327L C.2437 (eoemcemccnccccan e ]
X3 20 5.5063 5.2477 (meccccccmcmaca- G- )

Ll R L R T X T T R R T
PCCLED STDEV = 2.2487 0.420 0.430 C.5€0 5.830

Figure 8: ANOVA analysis for concept recall

For all subjects, the terms they initially generated and the terms selected from
the thesaurus were included to represent the Total Relevant Concepts — the target
set of concepts that can be obtained through user-thesaurus interaction. Based on
this target set of concepts, we were able to examine the subjects’ initial terms
(generated without any thesaurus help) and determine the subjects’ concept recall
and concept precision levels when the thesaurus component was unavailable, i.e.,
by counting the number of terms that matched the target terms. We then evaluated
the concepr recall and concept precision levels for the thesaurus by counting the
number of thesaurus terms that matched with the target terms. Both ANOVA tests
and two-sample t-tests were performed for concept recall and concept precision.

The ANOVA results for concepr recall are shown in Figure 8. Overall, there were
no significant differences (P-value = 0.366) between the subject groups and the
thesaurus. On average, subjects’ recall level was 53.81% while that of the thesaurus
was 49.80%. These two percentages implied that the degree of overlap between the
set of terms from subjects and that from thesaurus was only 3.61%. Furthermore,
such findings indicated that subjects could generate almost 50% of total relevant
terms independently, The thesaurus was able to help subjects associate an equal
number of additional terms. Among experts, novices, and outsiders, there were no
significant differences (P-value = 0.277, P-value = 0.774, and P-value = 0.791
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Figure 9: ANOVA analysis for concept precision

respectively) between each subject group and the thesaurus. We found that for
these three subject groups, the percentage of overlapping between the set of terms
generated by subjects and that generated by the thesaurus was consistent with the
overall overlapping percentages. They were 4.33%, 3.09%, and 3.34% respectively.
At all levels of expertise, subjects could only recall half of relevant terms without

any assistance. With assistance from the thesaurus, another half of relevant terms
were recalled.

As shown in Figure 9, the thesaurus produced a low level of precision compared
with those produced by the human subjects. Overall, human subjects had about a
98.20% concept precision level; the thesaurus had a 37.33% precision level. The
differences in overall level and all three subject-group levels were significant (P-
value >~ 0.000 in all levels). The low precision level of the thesaurus was attributed
partially to the noise terms (mostly terms considered too general) in the thesaurus,
as reported in the subjects’ determination of the relevancy of those terms to their
queries and needs. As is evident in information science research, even man-made
thesauri are only useful when terms are presented in the context of the searchers’
needs and when selected by the searchers themselves. Thesauri should be used
for consultation purposes, not for automatic term replacement. We believe that
searchers’ involvement during the thesaurus consultation process is crucial to the
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success of thesaurus usage.

In conclusion, in terms of quantity, the thesaurus and the human subjects were able
to generate the same number of relevant terms, but the contents of their lists were
almost mutually exclusive. However, human subjects were more precise than the
thesaurus. With close human-computer interaction, it appears that an automatic
thesaurus-augmented search process can become very fruitful and productive.

6.2 Results of the Browsing Experiment

The subjective evaluation of the fly thesaurus reported here is the result of analyzing
logged browsing sessions and transcripts of the subjects’ verbal protocols. During brows-
ing, subjects were asked to think aloud and to give specific comments, observations, or
suggestions. These protocols provided clues for system improvement.

A search involved either typing in a new term (user-suggested), or marking a system-
suggested term (iterations). A new search was defined as an enmy of a searcher’s own
term. The online thesaurus suggested additional terms, which were shown on the system
display. Whether they were using their own terms or system-suggested terms, most
subjects used terms that they were either familiar with or curious about. Analysis of the
logged search sessions revealed that the six subjects performed a total of 19 searches. All
subjects performed 2, 3, or 4 new searches during their browsing sessions.” The greatest
number of iterations following a new search was three, with nearly 90% (17/19) of all
searches being followed by 0, 1, or 2 iterations. This observation is underscored by an
observation made by Subject 1, who commented that after 3 iterations she was getting
no new terms/information, and that the same set of terms was reappearing. We conclude
that for most searches, the system will converge after as few as 2 or 3 iterations. This
has interesting implications for implementation of the spreading activation algorithms in
the cross-domain traversal stage of the project.

As a result of our analysis of the session logs and verbal protocols, a taxonomy was
developed to represent the observations of the subjects (see Figure 10). Included in this
taxonomy are problems identified, which may be taken as potential pitfalls to consider in
development of a domain-specific automatic thesaurus, and advantages/benefits identified,
which may be taken as potential usefulness of such a thesaurus. This experiment gave us

a better idea of how the thesaurus could be modified and used for more real-life purposes
and by different user groups.

6.2.1 Potential Pitfalls
A. Quality of nodes and links:

o Weighting of terms:
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Figure 10: Taxonomy of system problems as identified by searchers

The issue of chronology was important to all subjects. However, we learned that the
users had different expectations with regard to the emphasis placed on recent and
seminal work, and on frequency of citation. This strongly affected their evaluation
of the system-generated thesaurus. For example, two subjects (an expert and an
outsider) were more concerned about the priority of more recent publications, citing
numbers of publications by each person on the list, and the co-authors and recency

of each. One subject (an expert) was more concerned about the priority of the
authors responsible for the more seminal works.

Redundant terms:

Spelling and hyphenation of words is not standardized in the abstracts, and this
created redundancies in the thesaurus. Spelling differences such as “Homeodomain”
(American) and “Homoeodomain” (British), “discs” and “‘disks,” ‘“‘signaling™ and
“signalling” were often confusing for the user.

Non-significant and meaningless terms:

Subjects could find a term non-significant or meaningless if it is: an inappropri-
ately included stopword; a single term from a term phrase (a fragmented phrase),
or a very broad or non-specific term. The distincdon between general and suf-
ficiently specific terms was commonly emphasized by all subjects. One expert
defined useless terms as those that are incomplete and those that do not indicate
the “importance of something.” Four subjects (two novices, one outsider, and one
expert) defined specific terms as being those that would be unique in the literature,
those that would clearly identify an author’s field of study, or those that more
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clearly identified the context of a more general term.

Ambiguous terms:

One source of ambiguity was caused by the presence of multiple authors with
same name. One outsider performing an author search was perplexed by the output
because the terms seemed so disparate, until he concluded that the list of terms
represented the work of more than one author. Although the interface includes
a field to indicate the term type (subject (s), gene (g), function (f), author (a))
to reduce ambiguity, most users did not pay much attention to it. Consequently,

some terms that fit into more than one *“type” were considered by the subjects to
be ambiguous.

Appropriateness of linkage between specific terms:

A problem related to synonymous linkages between genes was identified. We
used two of the flat files in FlyBase that linked gene names with all synonymous
names. One of the subjects (an expert) pointed out that some of the genes listed
as synonyms are not actually synonyms, but are alleles, facets, etc. One term
(Abruptex) with weight of 1.000 (synonym) was retrieved for the Notch query.
The subject pointed out that Abruptex is a class of alleles that fit under the Notch
umbrella. Therefore Notch should be at the top of the tree. However, these two
terms were listed in the FlyBase as synonyms. Our use of the Synonyms files
from FlyBase resulted in incidents in which the thesaurus brought up gene names
unfamiliar to the subjects. All 6 subjects pointed out that they were unfamiliar
with “cel”, a gene name that came up in at least one search for each subject, and
questioned the appropriateness of this linkage.

Database completeness:

The two experts and the outsider who is a faculty member were frustrated by not
seeing names they expected to be on the list. One novice was dismayed to see that
the gene she works on (“cappucino™) was not in the thesaurus. We estimate that
because of the field’s long history, the amount of formal and informal literature
representing the area of Drosophila genetics is at least 10 times that for the area
of worm genetics. The database underlying the thesaurus is only a sampling of the
fly literature, fewer than 6000 abstracts from 2 databases.

. Quality of System and Interface

System capabilities:

Ease of use of the interface was an issue for all of the subjects. Half of the
subjects were finally comfortable with the interface by the end of the browsing
session (including one who stated at the beginning of the session that she “hates
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computers™). Half never became comfortable, but two of these felt that with more
experience its operation would eventually become “second nature.”

o Display of terms:

The query term is not displayed at the top of the list of retrieved terms. This causes
problems when the searcher sees a term lower on the list that is of interest and
wants to search it together with the original term. To do so requires that the user
re-enter both terms using the “Type In A New Term” function. Several subjects
were frustrated with this limitation on further searching. Both experts would prefer
that terms be classed according to “type,” with all authors listed together, subjects
together, genes together. One subject questioned whether it is realistic to rank an
author more highly related to a term than a subject or a gene name. All but one
subject (an outsider) found the display “hard to read” because of the interspersion
in term “types” in the display.

6.2.2 Potential Usefulness

Verbal protocols revealed two primary, novel areas of potential usefulness.
A. Serendipity Discovery:

First is serendipity discovery. One expert initially was concerned about what she
termed the “misdirectedness” of the the thesaurus’ search method and expressed frus-
tration with it. However, after a few searches, she conceded that, “It’s like a ... word
thesaurus in that there are probably going to be things in here that I absolutely never
would have thought about... and routes though the data, through the literature that I never
would take without it.” '

Most users thought the thesaurus would be "useful in introducing them to various
aspects of the domain that were beyond their present level of experience. One expert
and one novice found that by imagining a scenario in which multiple terms were related
resulted in deductive arrival at possible contexts for seemingly unrelated terms. We have
not seen this kind of creative use of the thesaurus reported before. Two subjects (an
expert and an outsider) did not see this potential and were primarily interested in seeing
the things they knew to be related and relevant. Anything unexpected was viewed as
noise.

B. Memory-Jogging:

The second novel usefulness for the fly thesaurus is in memory-jogging. One novice
searched for the gene “wingless”. The term list retrieved contained the term “signalling”,
which triggered a spark of recognition in the subject. She said, “Let’s try ‘signalling’,
because ‘wingless' is presumed to be some sort of signalling molecule.” In one case,
serendipity discovery and memory-jogging occurred almost simultaneously. The subject
recognized the terms “m4” and “96F" on the list of retrieved terms, and was reminded
that, “m4 is a minute, which may exist at 96F; I know there are some out there [the
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chromosome]. So I would say that maybe there is a rearrangement. Oh | know what
it is, this is probably a clonal analysis using a minute to diminish the size of the wild
type clones, so that the mutant clones can grow.” By applying deductive reasoning to
the thesaurus's inherent characteristics emphasizing knowledge discovery and memory-
enhancement, the subject’s creativity was triggered. This research has demonstrated that
automatic thesauri have the potential to offer improvements to searching that exceed those
possible with manual thesauri.

In summary, the results from the experiment were very encouraging. The thesaurus
suggested relevant terms and concepts that would not only be helpful for different users,
but useful in spurring user ideas and desire to acquire knowledge. We are also in the
process of re-generating another version of the fly thesaurus by considering the comments
made by the subjects, e.g., removing terms which are subsets of other terms. retaining
only a singular term if plurals exist, removing hyphenation, etc. The final version will
be released for internet Gopher search in Spring 1994,

7 Conclusion and Future Directions

Our most immediate future research directions, as part of a long term effort to develop
a more efficient and “intelligent” framework and design for the management, retrieval,

sharing, and dissemination of information for distributed scientific computing include the
following:

e A concept space approach to solving the vocabulary problem.

We believe we are moving closer to finding a solution to one of the most challenging
problems in IR - the vocabulary problem. In scientific communities an outsider
(e.g., a fly biologist) often needs to search for literature in other domains (e.g.,
worm biology) using his/her own vocabularies (i.e., fly-specific terms). Now that
we have created concept spaces for the fly and worm communities, adopting a
multiple-thesauri consultation process (we have developed one, reported in [4]), a
searcher’s fly-specific terms should make it possible to traverse the two concept
spaces and eventually converge towards specific terms in the (target) worm concept

space. Results of some initial structural comparison between the fly and worm
thesauri are summarized in Table 2.

Before devising a mechanism for traversal from one thesaurus to the other, it was
important to determine the extent of overlap between the index terms contained in
each., Because the object filter lists available for the two domains differed, some
direct comparisons were not possible. Table 2 shows the numbers of terms in the
worm and fly thesauri. These include the number of author terms, number of gene
terms, number of subject terms, number of function terms (fly thesaurus only), and
number of method terms (worm thesaurus only). The last three columns report
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Wormm | Fly Overlapping || Percent of Percent of
terms terms terms worm terms | fly terms
Authors 2095 7221 252 il 12.0 34
Genes 845 4875 0 | — —
Subjects 4691 5821 1503 32.0 258
Funcuions | n/a 182 n/a — —
Methods 12 n/a n/a . — —
[ Toul [ 7657 {18101 | 2203 || 28.8 ] 12.2 }

Table 2: Structural comparison of the fly and worm thesauri

the number of terms appearing in both thesauri and the respective proportion of
each thesaurus that overlapping terms represent. It is not surprising that no overlap
exists in gene names: the naming conventions for the two domains are extremely
different. Furthermore, it is noteworthy that 252 author names appear in both
thesauri. The format for author names is last name and first initial, which could
present some ambiguity. Still it is likely that some authors have published in both
domains. The extent of overlap for the subject descriptors was greater than 25%
for the fly thesaurus and 32% for the worm thesaurus. With this much overlap, the
likelihood of finding intermediate terms for concept space traversal is promising.
We are in the process of designing a concept traversal experiment with the help of
several molecular biologists who are knowledgeable in both fly and worm biology.

Other research issues: automatic thesaurus consultation, incremental thesaurus
generation, and the fluidity of concepts.

As an extension of the current research, we will be testing several Al-based general
search algorithms (e.g., branch-and-bound and Hopfield network (5]) for automatic
thesaurus consultation. We hope these algorithms will assist searchers in traversing
domain-specific concept spaces by following the more relevant links first, a general
characteristic of optimal or heuristic search algorithms. We have done some work
in this area already, but significant experimentation is still required to develop a
robust automatic thesaurus consultation module.

In the current version, the thesaurus was generated in a batch mode. Because
scientific databases are rapidly and continually growing, an effective method for
incremental update for the thesaurus is needed. We are currently developing an
incremental version of our cluster algorithm for implementation in the worm and
fly thesauri. Storing some intermediate results for term frequencies and inverse

document frequencies should, we believe, make possible incremental update of a
thesaurus.

So far we have not included in our analysis the “time” dimension of the documents
and concepts. By time-tagging each concept and weighting concepts differently in
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the thesaurus generation process, we believe a more fluid and time-precise thesaurus -
can be created.

The rationale behind our research is that instead of letting knowledgeable information
specialists (knowledgeable in several subject areas) perform term matching and consulta-
tion for different users, we could automatically create different domain-specific thesauri
tailored to the vocabularies and concepts exhibited in the related disciplines and develop
an online search aid to bridge the vocabulary differences. We hope, by expanding the
concept (terminology and linkage) coverage of the underlying databases, information
retrieval systems will eventually be able to assist in seamless and “intelligent” concept-
based information retrieval.
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