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Abstract 

The problems of information overload and vocabulary differences have become more pressing 
with the emergence of the increasingly popular Internet services. The main information retrieval 
mechanisms provided by the prevailing Internet WWW software are based on either keyword 
search (e.g., Lycos server at CMU, Yahoo server at Stanford) or hypertext browsing (e.g., Mosaic 
and Netscape). Keyword search often results in low precision, poor recall, and slow response 
time due to the limitations of indexing and communication methods (bandwidth), controlled 
language based interfaces (the vocabulary problem), and the inability of searchers themselves to 
articulate their needs fully. Hypertext browsing, on the other hand, allows users to explore only 
a very small portion of a large Internet information space. A large information space can also 
potentially confuse and disorient its user and it can cause the user to spend a great deal of time 
while learning nothing specific. This research aims to provide concept-based categorization and 
search capabilities for Internet WWW servers based on selected machine learning and parallel 
computing techniques. 

Our proposed approach, which is grounded on automatic textual analysis of Internet docu- 
ments (homepages), attempts to address the Internet search problem by first categorizing the 
content of Internet documents and subsequently providing semantic search capabilities based on 
a concept space approach. As a first step, we propose a multi-layered neural network cluster- 
ing algorithm employing the Kohonen self-organizing feature map to categorize (classify) the 
Internet homepages according to their content. The category hierarchies created could serve to 
partition the vast Internet services into subject-specific categories and databases. After individ- 
ual subject categories have been created, we propose to generate domain-specific concept spaces 
(graphs of terms and their weighted relationships) for each subject category. The concept spaces 
can then be used to support concept-based information retrieval, a significant improvement over 
the existing keyword searching and hypertext browsing options for Internet resource discovery. 
As Internet information space continues to grow at the present (exponential) pace, we believe 
this research would shed light on potentially robust and scalable solutions to the increasingly 
complex and urgent information access and sharing problems that are certain to emerge in the 
future Internet society. 



1 Introduction 

Despite the usefulness of database technologies, users of online information systems are often 
overwhelmed by the amount of current information, the subject and system knowledge required 
to access this information, and the constant influx of new information. The result is termed 
“information overload” [3]. A second difficulty associated with information retrieval and in- 
formation sharing is the classical “vocabulary problem,” which is a consequence of diversity 
of expertise and backgrounds of system users [31] [32] [lo]. The “fluidity” of concepts and 
vocabularies in various domains further complicates the retrieval issue [ 101 [28] [20]. A concept 
may be perceived differently by different searchers and it may also convey different meanings 
at different times. To address the “information overload” and the “vocabulary problem” in a 
large information space that is used by searchers of varying backgrounds a more “intelligent” 
and proactive search aid is needed. 

The problems of information overload and vocabulary diferences have become more pressing 
with the emergence of the increasingly popular Internet services [51] [26]. Although network 
protocols and software such as WWW and Mosaic support significantly easier importation and 
fetching of online information sources, their use is accompanied by the adverse problem of users 
not being able to explore and find what they want in an enormous information space [2] [5] [60]. 
While the Internet services are popular and appealing to many online users, difficulties with 
search on Internet, we believe, will worsen as the amount of online information,increases. We 
consider that devising a scalable approach to Internet search is critical to the success of Internet 
services and other current and future National Information Infrastructure applications. 

The main information retrieval mechanisms provided by the prevailing Internet WWW-based 
software are based on either “keyword search” (e.g., the Lycos server at CMU and the Ya- 
hoo server at Stanford) or “hypertext browsing” (e.g., NCSA Mosaic and Netscape browser). 
Keyword search often results in low precision, poor recall, and slow response time due to the 
limitations of the indexing and communication methods (bandwidth), controlled language based 
interfaces (the vocabulary problem), and the inability of searchers themselves to fully articu- 
late their needs. Furthermore, browsing allows users to explore only a very small portion of the 
large Internet information space. An extensive information space accessed through hypertext-like 
browsing can also potentially confuse and disorient its user, the “embedded digression problem,” 
and it can cause the user to spend a great deal of time while learning nothing specific, the “art 
museum phenomenon” [9] [27]. 

Internet “surfers” also have begun to raise their expectation of the Internet services - from 
a simple desire to find something fun (for no particular reason) to hoping to find anything that 
might be useful (to their work or personal interests). For example, the Lycos server at CMU 
has become one of the hottest and most popular servers on the Internet due to its comprehensive 
listing and indexing of Internet homepages (4.5 million URLs in July, 1995 and growing) and 
(keyword) search capability. However, the Lycos server has been hampered severely by the 
information overload and communication bandwidth problems discussed above. 

Our proposed approach, which is grounded on automatic textual analysis of Internet documents 
(homepages), aims to address the Internet search problem by first automatically categorizing the 
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content of Internet documents and subsequently providing category-specific search capabilities. 
As the first step to intelligent categorization and search for Internet, we propose a multi-layered 
neural network clustering algorithm employing a Kohonen self-organizing feature map to cate- 
gorize (classify) the Internet homepages according their content. The category hierarchies could 
serve to partition the vast Internet services into subject-specific categories and databases. After 
individual subject categories had been created, subject-specific searches or browsing could be 
performed. 

In Section 2, we first present an overview of the new machine learning techniques for in- 
formation retrieval. We then review the current status and problems associated with Internet 
categorization and searching. In Section 3, we present our framework for addressing these prob- 
lems. Section 4 discusses the Kohonen Self-organizing Map (SOM) algorithm and results for 
our ongoing Internet categorization research. Section 5 presents results of adopting our concept 
space approach to concept-based search on Internet. Conclusions and discussion are provided 
in Section 6. 

2 Internet Categorization and Searching: Techniques and Prob- 
lems 

2.1 Information Retrieval Techniques: An Overview 

Searching is a concept frequently discussed in the context of information management and re- 
trieval research. Keyword-based, statistics-based, and knowledge-based techniques have domi- 
nated information retrieval research over the past three decades [ 1 11. However, inductive learning 
techniques have drawn attention from researchers in computer and information sciences in re- 
cent years. Lewis [42] and Chen [ 111 have surveyed and experimented with various inductive 
machine learning algorithms in information retrieval and discussed promising areas for future 
research at the intersection of these two fields. Neural networks, symbolic learning methods, 
and genetic algorithms are three major classes of techniques used in recent research. 

0 Neural Networks and IR: 
Neural networks computing fits well with conventional retrieval models such as the vector 
space model [58] and the probabilistic model [47]. In [25], Doszkocs et al. provided 
an excellent overview of the use of connectionist models in information retrieval. These 
models include several related information processing approaches such as artificial neu- 
ral networks, spreading activation models, associative networks, and parallel distributed 
processing. In contrast to more conventional information processing models, connection- 
ist models are “self-processing’’ in that no external program operates on the network: the 
network literally processes itself, with “intelligent behavior’’ emerging from the local inter- 
actions that occur concurrently between the numerous network nodes through their synaptic 
connections. By accepting a broader definition of connectionist models, these authors were 
able to discuss the well-known vector space model, cosine measures of similarity, and au- 
tomatic clustering and thesauri in the context of network representation. Based on the 
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network representation, spreading activation methods such as constrained spreading acti- 
vation adopted in Cohen’s GRANT [ 191 and the branch-and-bound algorithm adopted in 
Chen’s METACAT [ 121 can be considered variants of connectionist activation. 
The work of Belew is probably the earliest connectionist model adopted in IR. In AIR 
[l], he developed a three-layer neural network of authors, index terms, and documents. 
The system used relevance feedback from its users to change its representation of authors, 
index terms, and documents over time. Kwok [41] also developed a similar three-layer 
network of queries, index terms, and documents. A modified Hebbian learning rule was 
used to reformulate probabilistic information retrieval. Wilkinson and Hingston [64] [65] 
incorporated the vector space model in a neural network for document retrieval. Their 
network also consisted of three layers: queries, terms, and documents. 

While the above systems represent information retrieval applications in terms of their 
main components of documents, queries, index terms, authors, etc. other researchers 
have used different neural networks for more specific tasks. Lin [44] adopted a Kohonen 
network for information retrieval. Kohonen’s self-organizing feature map (SOM), which 
produced a two-dimensional grid representation for N-dimensional features, was applied to 
construct a self-organizing (unsupervised learning), visual representation of the semantic 
relationships between input documents. The Kohonen SOM approach was further extended 
by Orwig and Chen [52] to analyze electronic meeting comments and present graphical 
representation of group consensus. In [46], a neural algorithm developed by MacLeod 
was used for document clustering. The algorithm compared favorably with conventional 
hierarchical clustering algorithms. Chen et al. [15] [16] [17] reported a series of ex- 
periments and system developments which generated an automatically-created weighted 
network of keywords from large textual databases and integrated it with several existing 
man-made thesauri (e.g., LCSH). Instead of using a three-layer design, Chen’s systems de- 
veloped a single-layer, interconnected, weightedllabelled network of keywords (concepts) 
for “concept-based” information retrieval. A blackboard-based design which supported 
browsing and automatic concept exploration using the Hopfield neural network’s parallel 
relaxation method was adopted to facilitate the usage of several thesauri [ 161. In [ 171 the 
performance of a branch-and-bound serial search algorithm was compared with that of the 
parallel Hopfield network activation in a hybrid neural-semantic network. Both methods 
achieved similar performance, but the Hopfield activation method appeared to activate 
concepts from different networks more evenly. 

e Symbolic Learning and IR: 
Despite the popularity of using neural networks for information retrieval, we see only 
limited use of symbolic learning techniques for IR. In [4], the researchers used discriminant 
analysis and a simple symbolic learning technique for automatic text classification. Their 
symbolic learning process represented the numeric classification results in terms of IF- 
THEN rules. Text classification involves the task of classifying documents with respect to a 
set of two or more predefined classes [43]. A number of systems were built based on human 
categorization rules (a knowledge-based system approach) [56]. However, a range of 

3 



statistical techniques including probabilistic models, factor analysis, regression, and nearest 
neighbor methods have been adopted [43] [48] [4]. Fuhr et al. [29] adopted regression 
methods and ID3 for their feature-based automatic indexing technique. Crawford, Fung, 
and their coworkers [30] [21] [22] have developed a probabilistic induction technique 
called CONSTRUCTOR and have compared it with the popular CART algorithm [7]. 
Their experiment showed that CONSTRUCTOR’S output is more interpretable than that 
produced by CART, but CART can be applied to more situations (e.g., real-valued training 
sets). 
Examples of recent work which involved using symbolic learning techniques in related 
database areas, especially in relational database management systems (RDBMS), were also 
identified. In [8] [35], Cai et al. developed an attribute-oriented, tree-ascending method for 
extracting characteristic and classification rules from relational databases. The technique 
relied on some existing conceptual tree for identifying higher-level, abstract concepts in 
the attributes. In [36], Ioannidis et al. examined the idea of incorporating machine learning 
algorithms (UNIMEM and COBWEB) into a database system for monitoring the stream 
of incoming queries and generating hierarchies containing the most important concepts 
expressed in those queries. The goal is for these hierarchies to provide valuable input for 
dynamically modifying the physical and logical designs of a database. 

0 Genetic Algorithms and IR: 
Our literature search revealed several implementations of genetic algorithms in information 
retrieval. In [33], Gordon presented a genetic algorithms based approach to document 
indexing in which competing document descriptions (keywords) are associated with a 
document and altered over time by using genetic mutation and crossover operators. In his 
design, a keyword represents a gene (a bit pattern), a document’s list of keywords represents 
individuals (a bit string), and a collection of documents initially judged relevant by a user 
represents the initial population. Based on a Jaccard’s score matching function (fitness 
measure), the initial population evolved through generations and eventually converged to an 
optimal (improved) population - a set of keywords which best described the documents. In 
[34], Gordon adopted a similar approach to document clustering. Raghavan and Agarwal 
[54] have also studied the genetic algorithms in connection with document clustering. 
In [53], Petry et al. applied genetic programming to a weighted information retrieval 
system. In their research, a weighted Boolean query was modified in order to improve 
recall and precision. They found that the form of the fitness function has a significant 
effect upon performance. Yang and his coworkers [66] [67] have developed adaptive 
retrieval methods based on genetic algorithms and the vector space model using relevance 
feedback. They reported the effects of adopting genetic algorithms in large databases, the 
impact of genetic operators, and GA’s parallel searching capability. In [14], a GA-NN 
hybrid system, called GANNET, was developed by Chen and Kim for R. The system 
performed concept optimization for user-selected documents using genetic algorithms. It 
then used the optimized concepts to perform concept exploration in a large network of 
related concepts through the Hopfield net parallel relaxation procedure. A Jaccard’s score 
was also adopted to compute the “fitness” of subject descriptions for information retrieval. 
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Based on our experience in this area, we believe that the new and emerging machine learn- 
ing algorithms that analyze the common characteristics of documents and retrieval patterns of 
searchers are promising and may provide a viable solution to the complex and large-scale Internet 
categorization and search problem. 

2.2 Internet Categorization and Searching: An Overview 

The WWW was developed initially to support physicists and engineers at CERN, the European 
Particle Physics Laboratory in Geneva, Switzerland [2]. In 1993, when several browser programs 
(most noticeably the NCSA Mosaic) became available for distributed, multimedia, hypertext-like 
information fetching, Internet became the preview for a rich and colorful information Cyberspace 
[60]. However, as the Internet services based on WWW have become more popular, informa- 
tion overload has become a pressing research problem [5]. The user interactions paradigm on 
Internet has been shifted from simple hypertext-like browsing (human-guided activity exploring 
the organization and contents of an information space) to content-based searching (a process in 
which the user describes a query and a system locates information that matches the description). 
Many researchers and practitioners have considered Internet searching to be one of the more 
pressing and rewarding areas of research for future NII applications. 

Internet searching has been the hottest topic at recent World-Wide Web Conferences. Two 
major approaches have been developed and experimented with: one is the client-based search 
spider (agent) and the other is online database indexing and searching. However, some systems 
contain components of both approaches. 

0 Client-based search spiders (agents): 

Several software programs based on the concept of spiders, agents, or softbots (software 
robots) have been developed. TueMosaic and the Webcrawler are two prominent examples. 

DeBra and Post [24] reported tueMosaic v2.42, modified at the Eindhoven University 
of Technology (TUE) using the Fish Search algorithm, at the First WWW Conference in 
Geneva. Using tueMosaic, users can enter keywords, specify the depth and width of search 
for links contained in the current homepage displayed, and request the spider agent to fetch 
homepages connected to the current homepage. However, potentially relevant homepages 
that do not connect with the current homepage cannot be retrieved and the search space 
becomes enormous when the depth and breadth of search become large (an exponential 
search). The inefficiency and local search characteristics of the BFSDFS-based spiders and 
the communication bandwidth bottleneck on Internet severely constrained the usefulness 
of such an agent approach. At the Second WWW Conference, Pinkerton reported a more 
efficient spider (crawler). The Webcrawler extends the tueMosaic’s concept to initiate the 
search using its index and to follow links in an intelligent order. Despite its refinement, 
problems with the local search and communication bottleneck persist. A more efficient 
and global Internet search algorithm is needed to improve client-based searching agents. 

0 Online database indexing and searching: 
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An alternative approach to Internet resource discovery is based on the database concept 
of indexing and keyword searching. 
The World Wide Web Worm (WWWW) [50], developed by McBryan, uses crawlers to 
collect Internet homepages. After homepages are collected, the system indexes their subject 
headings and anchor texts and provides a UNIX grep-like routine for database keyword 
searching. However, WWWW does not create a large collection of relevant documents 
in the database due to the limitation of its crawlers and its grep-like keyword searching 
capability is very limited. AliWeb [40], developed by Koster, adopts an owner-registration 
approach to collecting Internet homepages. Homepage owners write descriptions of their 
services in a standard format to register with AliWeb. AliWeb regularly retrieves all 
homepages according to its registration database. AliWeb alleviates the spider traversal 
overhead. However, the manual registration approach places a special burden on homepage 
owners and thus is unpopular. The AliWeb database is small and incomplete for realistic 
searches. 
The Harvest information discovery and access system [6], developed by Bowman, et al., 
presents a big leap forward in Internet searching technology. Harvest includes a Gatherer 
designed to run at the service provider’s site, saving a great deal of server load and network 
traffic. Similar to AliWeb, it also allows service owners to determine which documents 
are worth indexing. Harvest also includes Agrep and Glimpse for fuzzy pattern matching 
and significantly cuts down indexing size. 
Currently the most comprehensive and useful searchable Internet database is Lycos at CMU 
[49]. Lycos uses a combination of spider fetching and simple owner-registration. Internet 
servers can access the Lycos server and complete registration in a few simple steps. NO 

extensive registration form like that requested for AliWeb is required. In addition, Lycos 
uses spiders based on the connections to the registered homepages to identify other un- 
registered homepages. With this suite of techniques, Lycos has acquired an impressive 
list of URLs on the Internet (4.5 million in July, 1995). Its homepage growth rate has 
been exponential over the past 6-10 months. Lycos adopted a heuristics-based indexing 
approach for the homepages it acquired (only the first 20 lines of text in a homepage 
are indexed). However, Lycos’s success also shows the vulnerability of the approach 
and the daunting task of creating “intelligent” and efficient Internet search engines. Its 
popularity has caused a severe degradation of information access performance, due to 
the communication bottleneck and the task of finding selected documents in an all-in- 
one database of Internet homepages. An automatic and robust method of partitioning the 
Lycos database based on its subject content is needed to assist in more efficient and fruitful 
Internet searching. 
The Yahoo server developed at Stanford University represents one attempt to partition 
the Internet information space and provide meaningful subject categories (e.g., science, 
entertainment, engineering, etc.). However, the subject categories are limited in their 
granularity and the process of creating such categories is a manual effort. The demand 
to create up-to-date and fine-grained subject categories and the requirement that an owner 
place a homepage under a proper subject category has significantly hampered Yahoo’s 
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success and popularity. Currently (July 1995) only about 44,OOO homepages have been 
registered and placed in the Yahoo subject directory. We believe an automatic, machine 
learning approach based on content analysis of large-scale Internet documents (i.e., the 4.5 
million homepages at Lycos) could help alleviate some of these Internet categorization and 
classification problems and provide a scalable solution to efficient and fruitful concept- 
based Intemet searching. 

3 A Framework for Internet Categorization and Search 
In this section, we present our overall framework and design for Internet categorization and 
search and the specific machine learning algorithms to be used. Status of our current research 
will be reported in the next two sections. 

e Internet categorization using a multi-layered Kohonen self-organizing feature map: 
In order to improve efficient searching on Intemet, the first task is to partition the Internet 
information space into distinct subject categories meaningful to Internet users. Categoriza- 
tion and subject classification are common practices in library and information sciences 
(e.g., the INSPEC database for the computer engineering domain, the ERIC database for 
sociology, etc.). Subject partition creates smaller databases, which are more efficient for 
searching. In addition to the efficiency consideration, a subject directory created as a 
result of a categorization or classification can also aid searchers in a “directory-browsing” 
process, a searcher-guided information seeking behavior frequently seen in the previously 
popular Gopher information servers. Many searchers of the Yahoo database adopted a com- 
bination of directory browsing and keyword searching within the specific sub-category of 
homepages. 
After testing many clustering algorithms in the areas of computer science (e.g., hierarchical 
and non-hierarchical methods) and neural network algorithms in our previous research (to 
be discussed in detail below), we concluded that a variant of the Kohonen self-organizing 
feature maps (SOM) appears promising. The algorithm has been shown to be robust in 
numerous image processing and pattern recognition applications [61]. It also creates an 
intuitive, graphical display of important concepts for textual information [44] [52]. 

A multi-layered, graphical SOM approach to Internet categorization is proposed in this 
research. By analyzing keywords/descriptors in Internet homepages and their probabilities 
of co-occurrence, we will be able to represent the most important Internet subject categories 
(e.g., science, engineering, business, politics, entertainment, etc.) in different regions of a 
map. For each large region, a recursive process of analyzing homepages in the region and 
creating sub-maps can then be adopted. Because each map could contain 30-50 categories, 
5-6 layers of maps could then easily represent homepages in the order of several millions 
(e.g., 305 - 506). After subject categories had been created, searchers would be able to 
browse the subject directory to locate the appropriate partition to launch their keyword 
searching. Such a subject-specific search process is believed to be most efficient and 
relevant to searchers’ queries. 
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0 Concept-based search based on cluster analysis and Hopfield net associative retrieval: 
In addition to keyword searching in a subject category, we propose a concept space ap- 
proach to information retrieval. By analyzing the co-occurrence probabilities of keywords 
in homepages of specific subject categories, we could create a concept space for each 
subject category. Such a concept space would represent the important terms and their 
weighted relationships in a graph structure, akin to an associative man-made thesaurus. 
A system-created concept space has been shown to be an effective tool to suggest alter- 
native terms for searching and to better articulate and reformulate precise queries during 
information retrieval. 
The success of the concept space approach has been shown in various domain-specific 
applications such as: international computing [ 151 and molecular biology [ 181. However, 
the usefulness of such an approach for the diverse and large-scale Internet servers remains 
to be tested. After concept spaces (graphs) have been created for each subject category, we 
plan to incorporate several graph traversal algorithms previously tested in other applications 
for Internet searches, e.g., branch-and-bound and Hopfield net association [ 171. We believe 
the thesaurus-like concept spaces created automatically for each subject category will serve 
as an excellent memory-jogging and term suggestion aid for searchers on Internet. 

4 Concept Classification for Internet Resources: A Self-organizing 
Approach 

The specific system design and research status of our concept classification research are reported 
below. 

4.1 Research Design: Multi-layered Self-organizing Feature Maps (M-SOM) 

Categorization and classification are processes which involve clustering/grouping items of similar 
nature. Tagging similar items with meaningful labels (names) results in subject categories. When 
pairwise similarities are obtained between items, a hierarchical agglomerative cluster generation 
process can be adopted (a process often used in information science [%I). Several serial cluster- 
ing algorithms exist, e.g., single-link clustering and complete-link clustering (based on popular 
minimal-spanning tree algorithms such as the Prim’s and the Kruskal’s) [63] [57] [55]. While 
these methods have demonstrated their usefulness in clustering documents, a somewhat newer 
and more promising approach based on the connectionist paradigm, or neural network comput- 
ing, has attracted a resurgence of interest [37] [62]. There are several reasons for this, including 
the appearance of faster digital computers on which to simulate large networks,, the development 
of more powerful neural network architectures and algorithms, and more importantly, the recent 
success of adopting such techniques in various engineering and scientific applications. 

Kohonen’s self-organizing feature maps [45] [38], in particular, have drawn significant atten- 
tion in various engineering and scientific domains. In its basic form, continuous-valued vectors 
are presented sequentially in time without specifying the desired output. After enough input 
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vectors have been presented, network connection weights will specify cluster or vector centers 
that sample the input space such that the point density function of the vector centers tends to 
approximate the probability density function of the input vectors. In addition, the connection 
weights will be organized such that topologically close nodes are sensitive to inputs that are 
physically similar. Lin [44] first adopted the Kohonen SOM for information retrieval. In his 
prototype, he generated self-organizing clusters of important concepts in a small database of 
several hundred documents. 

In order to organize the large number of homepages on Internet, we propose a multi-layered 
SOM algorithm, which permits unlimited layers of Kohonen maps (we refer to it as M-SOM). 
A sketch of our proposed M-SOM algorithm is presented below: 

0 Initialize input nodes, output nodes, and connection weights: 
Use the top (most frequently occurring) N terms (say lO00) from all homepages as the 
input vector and create a two-dimensional map (grid) of M output nodes (say a 20-by-10 
map of 200 nodes). Initialize weights from N input nodes to M output nodes to small 
random values. 

0 Present each document (homepage) in order: 
Represent each document (homepage) by a vector of N terms and present to the system 
several times. 

0 Compute distances to all nodes: 
Compute distance dj  between the input and each output node j using the Euclidean func- 
tion of 

N- 1 

where zi(t) is the input to node z at time t and wij( t )  is the weight from input node z to 
output node j at time t. 

0 Select winning node j* and update weights to node j* and neighbors: 
Select winning node j* as that output node with minimum dj .  Update weights for node j* 
and its neighbors to reduce their distances. (See [39] for detail.) 

0 Label regions in map: 
After the network is trained through repeated presentation of all homepages, submit unit 
input vectors of single terms to the trained network and assign the winning node the name 
of input term. Similarly, submit each homepage as input to the trained network again and 
assign it to a particular node in the map. The resulting map thus will represent regions 
of important terms/concepts (the more important a concept, the larger a region) and the 
assignment of homepages to each region. 
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Apply the above steps recursively for large regions: 
For each map region which contains more than k (say 300)  homepages, conduct a recursive 
procedure of generating another self-organizing map until each region contains no more 
than k homepages. 

We believe that, with 5-6 layers of self-organizing maps (each map could contain 30-50 
categories) and a simple subject category browsing interface, we can partition Internet resources 
into meaningful and manageable components, ready for directory browsing or category-specific 
searching. 

4.2 Research Findings and Status 

We have adopted the proposed algorithm in various applications of different sizes: electronic 
brainstorming comments ( 10+ KBs, several hundred comments), Internet entertainment-related 
homepages (3+ MBs, 20,000+ homepages), and INSPEC computer engineering abstracts (1 10+ 
MBs, 400,000+ abstracts). 

0 Previous work: In [52], Orwig and Chen describe research in the application and evalua- 
tion of a Kohonen SOM algorithm to the problem of categorization of textual brainstorming 
output using electronic meeting systems. Because of the relatively small amount of data 
required of the categorization process (often on the order or 10-30 KBs or 50-300 com- 
ments), a single-layered SOM algorithm was developed and tested. In a recent experiment 
[52], we compared the human-generated list of topics with that generated by SOM. On 
an average, the facilitator list obtained an 81% precision level and the SOM list obtained 
a 55% recall level. The difference was statistically significant (at 5% significance level). 
Compared with human facilitators, the SOM algorithm was less precise in generating top- 
ics. In recall, the facilitator list reached an 88.5% level and the SOM list reached an 
8 1% level. The difference was statistically insignificant. However, the SOM algorithm 
took significantly less time to produce a list of topics (45 minutes for the facilitator and 
four minutes for the system). The results from this experiment were very encouraging. 
The SOM approach to concept categorization appeared to be efficient and robust. Based 
on this initial research, we proceeded to test the M-SOM approach in Internet homepage 
classification. 

0 Current status: In order to examine the scalability of the SOM approach to Internet 
categorization, we created a testbed of about 20,000 Internet homepages related to en- 
tertainment using the Lycos server. (We performed several keyword searches on Lycos 
by using various entertainment-related keywords, e.g., entertainment, games, music, etc.) 
The resulting testbed was about 3 MBs in size. The experiment aimed to use the M-SOM 
approach to classify the 20,000+ homepages into meaningful, multi-layered categories. 
The first-layer SOM map produced by our program is shown in Figure 1. Several subject 
categories occupy large regions of the map, e.g., MUSIC (I887 homepages in the region), 
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AUDIO (773), GAMES (517), etc. The first-layer SOM process took 1 hour and 37 min- 
utes on a DEC Alpha 3000/600 (200 MHz, 128 MBs RAM) and produced 34 regions 
(groups) on the map. Using 100 homepages as the threshold for further SOM catego- 
rization, the second-layer SOM process took about 1 hour and 21 minutes. The SOM 
categorization process for the 20,000+ entertainment homepages ended after four levels. 
The resulting SOM maps were converted into image maps in HTML format, where each 
region can be invoked to see another sub-map (if the region contained more than 100 
homepages) or comments, which are classified in the region. Figure 1 shows the Enter- 
tainment homepage SOM image map. By clicking on the MUSIC region of the map, the 
system displayed the URLs in the region (Figure 2). 

0 Future work: The computational characteristics and initial output produced for the enter- 
tainment homepage analysis are encouraging. We are currently in the process of fine-tuning 
selected algorithms for Internet homepages (e.g., the automatic indexing procedure needs 
to be modified to accommodate the unique characteristics and writing style of Internet 
homepages). A more extensive system evaluation experiment will also follow, where a 
large number of URLs in different areas will be tested (4.5 million URLs). We are also 
currently parallelizing the M-SOM program code. We believe, in order to analyze and cat- 
egorize the millions of URLs (and growing) on Internet, a scalable and parallel approach 
has to be adopted. Under supercomputing resources grants of NCSA (National Center for 
Supercomputing Applications), we are currently modifying our program on a 16-processor 
SGI Power Challenge supercomputer. 

Concept Search on Internet: The Concept Space Approach 

This section presents preliminary results generated from the semantic retrieval research compo- 
nent of the Illinois Digital Library Initiative (DLI) project on concept search. Using a variation of 
the automatic thesaurus generation techniques, to which we refer as the concept space approach, 
we aimed to create graphs of domain-specific concepts (terms) and their weighted co-occurrence 
relationships for Internet homepages. (Our initial testbed, however, was a database of 400,000+ 
INSPEC computer engineering abstracts. Our current work will address Internet homepages.) 
Merging these concept spaces and providing traversal paths across different concept spaces could 
potentially help alleviate the vocabulary (diflerence) problem evident in large-scale information 
retrieval. The specific design and research status for concept-based search are reported below. 

Research Design: Concept Space for Semantic Retrieval 

Based on the seven principles described above, we developed selected algorithms for automatic 
thesaurus generation. The specific steps and algorithms adopted include: cluster analysis and 
ussociative retrieval. We present below a brief overview of these techniques in the context of 
our experiment. For algorithmic details, readers are referred to [15] [16] [13] [18] [171. 

0 Cluster analysis: 
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Figure 2: Sample URLs in the MUSIC region 
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After terms were identified in each document (or homepage), we first computed the term 
frequency and the document frequency for each term in a document. Term frequency, 
t f i j ,  represents the number of occurrences of term j in document z. Document frequency, 
dfj, represents the number of documents in a collection of n documents in which term j 
occurs. A few changes were made to the standard termfrequency and inverse document 
frequency measures. 

We then computed the combined weight of term j in document 2 ,  dj, based on the product 
of “term frequency” and “inverse document frequency” as follows: 

where N represents the total number of documents and W j  represents the number of words 
in descriptor j .  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 [ 151. 

c? d . .  

r=l ‘3 
Kk = i;’ i k  x WeightingFador(k) 

W j k  indicates the similarity weights from term j to term k. d;j was calculated based on 
the equation in the previous step. d i j k  represents the combined weight of both descriptors 
j and k in document i. d , j k  is defined similarly as follows: 

where t f i j k  represents the number of occurrences of both term j and term k in document 
z (the smaller number of occurrences between the terms was chosen). d f j k  represents the 
number of documents (in a collection of N documents) in which terms j and k occur 
together. wj represents the number of words of descriptor j .  In order to penalize general 
terms (terms which appeared in many places) in the co-occurrence analysis, we devel- 
oped the following weighting scheme which is similar to the inverse document frequency 
function: 
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log 8 WezghtingFador(k) = - 
log N 

Terms with a higher dfk value (more general terms) had a smaller weighting factor value, 
which caused the co-occurrence probability to become smaller. 

0 Associative retrieval: 
In addition to the user-controlled thesaurus (concept space) 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 [ 171. The Hopfield 
algorithm, in particular, has been shown to be ideal for concept-based information retrieval. 
The Hopfield net algorithm relies on an activation and iteration process, where 

n- 1 

pj(t+ 1) is the activation value of neuron (term) j at iteration t+l,.  w,j is the co-occurrence 
weight from neuron z to neuron j ,  and fs is the continuous SIGMOID transformation 
function, which normalizes any given value to a value between 0 and 1 [37] [23]. This 
formula shows the parallel relaxation property of the Hopfield net. (Readers are referred 
to [ 171 for algorithmic detail.) 

We have implemented the above algorithms in C on various high-end workstations (e.g., 
DEC Alpha 2100, HP 715/100). However, we believe that, in order to adopt the concept space 
techniques in large-scale digital library or Internet collections, a parallel computing approach is 
needed. 

5.2 Research Findings and Status 

0 Previous work: In our previous NSF-funded “Worm Community System’’ project [59], we 
adopted the concept space approach to cross-domain scientific information retrieval. By 
working closely with worm and fly biologists in the Molecular and Cellular Biology De- 
partment at the University of Arizona for about two years, we generated a worm thesaurus 
in Fall 1993 [I81 and a fly thesaurus in Summer 1994. Both thesauri were independently 
tested by the biologists and are available for Internet WWW access. 

The resulting worm thesaurus consisted of 7,657 terms and 547,810 links and the fly 
thesaurus contained 15,626 terms and 750,3 14 links (after applying various thresholds). 
Most of these terms were author names or subject descriptors. The document collections 

15 



a 

a 

6 

were mainly Medline and Biosis abstracts acquired from online sources. Each collection 
contained about 7,000 abstracts, with 10 MBs of text. It took 50 and 70 minutes, re- 
spectively, to generate the two thesauri on a DEC Alpha 2100 workstation (200 MHz, 
128-MB RAM). Automatic indexing, which is less computationally intensive, took about 
2.5 minutes; while the rest of the computation was for co-occurrence analysis. The two 
thesauri were shown to be useful in memory jogging, concept-based search, and cross- 
domain scientific information retrieval [18]. The two concept spaces were set up as a 
WWW server, called BioQuest, at: http:Nai.bpa.arizona.edu/. 

Current status: In the current Illinois DLI project, we obtained an INSPEC test collection 
of 400,000+ (computer science and electrical engineering abstracts from the 1992-1994 
INSPEC database in Spring 1995). This 2-GB testbed was used recently to generate a 
computer engineering concept space using the 16-processor SGI Power Challenge. The 
automatic indexing process for this gigabyte collection (about 200-fold increase in size 
over the flylworm collection) took 1.5 hours. The most computationally intensive co- 
occurrence analysis took 37 hours. It used about 25% of the available CPU cycles on 
the NCSA Power Challenge for a three-week period (in fact it was the largest single 
user of the NCSA supercomputing resources at that time). The computer engineering 
concept space contained about 270,000 terms and 4,000,000+ links. Our system evaluation 
involving 12 knowledgeable subjects revealed that the automatically-created computer 
engineering concept space generated significantly higher concept recall than the human- 
generated INSPEC computer engineering thesaurus. However, the INSPEC thesaurus was 
more precise than the automatic concept space. 
Figure 3 shows the concept space browsing interface created on WWW, called CSQuest 
(same http address as above). The system takes multiple terms (e.g., “World-Wide Web” 
and “Resource Discovery”) and produces a ranked list of relevant terms (e.g., “Internet- 
working,” “Computer Networks,’’ etc. as shown in Figure 4. We recommend that this 
server be used as an interactive computer term suggester for searching any computer- 
related bibliographical databases (e.g., INSPEC database) or Internet services (e.g., the CS 
Technical Report projects). 

Future work: Our current work mainly involves: creating concept spaces for other major 
engineering domains using the 48-processor SGI Power Challenge Array, 16-processor 
Cray CS6400, and 64-processor Convex Exemplar (most accounts have been set up with 
NCSA already); and developing robust graph matching and traversal algorithms for cross- 
domain, concept-based retrieval. Future work also will include dynamically generating 
concept spaces for each subject (category) region on the Internet homepage SOM maps 
described above to assist in category-specific concept search. 

Conclusion and Discussion 

The problems of information overload and vocabulary differences have become more pressing 
with the emergence of increasingly popular Internet services. Prevailing keyword searching and 
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user browsing capabilities often make Internet information access very difficult. We believe 
these problems will continue to worsen. The Cyberspace many people envision will become a 
chaotic info-glut instead of a searchable and organized digital (virtual) library. 

This research would be part of a continuing effort to address current and future Internet 
searching problems by developing and testing promising neural network categorization and par- 
allel computing techniques. Based on a general research framework for concept categorization 
and search, our research plan calls for an automatic, multi-layered, self-organizing approach to 
categorizing Internet homepages based their contents (terms). Results of this categorization pro- 
cess can then be used to create category-specific concept spaces for assisting in concept-based, 
associative information retrieval. 

Based on our experience in developing and adopting various machine learning techniques in 
information retrieval applications and considering the the importance and urgency of addressing 
the Internet searching problem, we believe this research is timely and valuable and that the results 
will help shed light on the development of automatic and scalable technologies for “intelligent” 
Internet categorization and search. 
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