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Abstract other entries). To understand a particular concept,

a reader needs to learn about related and underlying
Collaborative online encyclopedias such as Wikipedia and concepts. It is of paramount importance that users
PlanetMath are becoming increasingly popular. In order  of any online reference are able to \jump" to requi-
to understand an article in a corpus a user must under- sjte concepts in the network in order to understand
stand the related and underlying concepts through linked  the current onejall the way down to the concepts
articles. In this paper, we introduce NNexus, a gener- that are so simple they are evident to the reader's
alization of the automatic linking component of Planet-  intuition.
Math.org and the rst system that automates the process Most current online encyclopedias (including
of linking encyclopedia entries into a semantic network  \jikipedia) require the author of an article to ex-
of concepts. We discuss the challenges, present the con- piicitly create links to other articles in order to build
ceptual models as well as speci ¢ mechanisms of NNexus thjs [ink network. However, this task is an unneces-
system, and discuss some of our ongoing and completed sary burden on users, since the right database should

works. \know" which concepts are present. By contrast, au-
thors will usually not be aware of all requisite con-
1 Introduction cepts which are already present within the system|

especially for a large database. Even more challeng-

Collaborative online encyclopedias or knowledge iNg: @ growing collection will generally necessitate
bases such as WikipedE and PlanetMathB are be- links from old entries to new entries, as the collection

coming increasingly popular because of their open P€cOmes more complete. To attend to this reality

access, comprehensive and interlinked content, con-Would require continuous re-inspection of the entire

tinual updates, and community interactivity. corpus by writers or other overseers.

Motivation.  Because knowledge can be modeled as 10 ameliorate these problems with minimal manual

taking the shape of a sematic network, we view an € O, automatic invocation linking between entries

online encyclopedia as a set of concepts whose meanl the online corpus is needed. The end result of any
ings depend on the text of entries and on their po- SUch system should be a semantic network of articles

‘ the corpus almost as naturally as if was interlinked
This work was supported by the Google Summer of Code by painstaking manual e ort.
program, summer, 2006. . T
T http:/iwww.wikipedia.org Challenges.  Building an automatic linking sys-

2http://www.planetmath.org tem for a collaborative online encyclopedia presents a




number of research challenges. The main challengedriven link steering, and declarative linking priori-

lie in how to determine which terms or phrases to
link and which entries to link to. Typical information

ties and clauses that are speci cally designed to en-
hance the linking precision for a minority of \tough

retrival and natural language processing issues suchcases." We are also researching the ability to add

as plurality, homonyms, and polysemy all a ect the
quality of linking and can contribute to linking errors.
Some of these errors take the form of links citing the
incorrect homonym from a group of homonyms, while
some take the form of linking when there should be
no linking at alljla phenomenon which we call specif-
ically overlinking. We usemislinking as a term to re-
fer to any type of reducedlink precision (the fraction
of created links which are correct). An important
goal of an automatic linking system is to improve the
linking precision while maintaining high link recall
(a link created for every concept label that can and
should be linked given the present corpus).

There are many standard methods for improving
searching quality in IR literature and current search

engines|[2] and they have not been explored in the col-

laborative semantic linking context [3]. In addition,
online encyclopedias are typically organized into a
classi cation hierarchy, and we argue that this knowl-
edge can be utilized in order to dramatically increase
the precision of automatic linking, and largely solve
the polysemy problem.

Contributions.

Bearing these issues in mind, we de-

reputation based or collaborative ltering techniques
to link steering, given the bearing of author person-
alization on linking.

The rest of the paper has been constituted so that
a reader (including users and developers) can un-
derstand the conceptual models and theories behind
NNexus while also learning some speci ¢ mechanisms
behind its operation.

2 NNexus System

Users of NNexus will apply the following basic func-
tionality to their corpus. When an entry is rendered
(either at display time or during o ine batch process-
ing), the text is broken down into tokens and scanned
for words that invoke concepts that have been de ned
in other entries. These words (or word tuples) are ul-
timately turned into hyperlinks to the corresponding
entries in the output rendering. In addition, when
the concepts are added to the collection (or the set of
concept labels otherwise changes), entries containing
potential invocation of these concept labels arenval-

signed and developed NNexus (Noosphere Networkedidated using a special inverted index called thenval-

Entry eXtension and Uni cation System), a system
used to automate the process of automatically linking
encyclopedia entries (or other de nitional knowledge

idation index. This forces these entries to go through
link analysis themselves by or before the next time
they are displayed.

bases) into a semantic network of concepts. NNexus This automatic system almost completely frees the

has application to digital libraries or other types of
online references or knowledge bases.

NNexus is an abstraction and generalization of the
automatic linking component of the Noosphere sys-
tem [4], which is the platform of PlanetMath (plan-
etmath.org), PlanetPhysics (planetphysics.org), and
other Noosphere sites. To the best of our knowl-
edge, it is the rst automatic linking system that
links articles and concepts with the use of a classi -
cation scheme, to make linking almost a \non-issue"
for writers, and completely transparent to readers.

author from having to \think about links." It ad-
dresses the problems of both outgoing and incoming
links, with respect to a new entry or new concepts.
However, it is not completely infallible, and in a the-
oretical sense, there is only so much that a system
can infer without having a human's level of under-
standing of the content. Because of this, the user can
ultimately override the automatic linking, or create
their own original linking.

NNexus was developed with Perl and was designed
to have the minimum amount of dependencies nec-

The key features of NNexus include a customized essary while still running e ciently. Thus, NNexus

information-retrieval based automatic linking system

only requires a database system (currently MySQL is

and a set of techniques such as ontology/subject supported) and some Perl XML packages (available
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Figure 1: NNexus System Architecture

from CPAN). NNexus has been designed with an API
so that it can be used with any document corpus. Fig-
ure [ shows a sketch of NNexus system architecture.
Due to space limitations, we omit the implementation
details and instead present an overview of algorithms
and a number of key features of NNexus system in
this section.

2.1 Overview of Techniques

Indexing. NNexus indexes the entries by building
a concept mapthat maps all of the concept labels in
the corpus to the entries which de ne these concepts.
To facilitate e cient scanning of entry text to nd
concept labels, the map is structured as a chained
hash, keyed by the rst word of each phrase placed
in it.

Entry Search. When an article is submitted,
NNexus breaks the text of an entry into a single
words/tokens array to iterate through. If a word
matches the start of an indexed concept label, the
following words in the text are checked to see if they
match the longest concept label starting with that

word. If this fails, the next longest concept label is
checked, and so on. When a matching concept label
is found, it is included in the match array.

Entry Filtering and Selection. After the match
array is built, each match is checked against thdink-
ing policies (see SectiolZPR) for the target articles.
If the match is forbidden from linking to the target
it will be removed from the match array. The match
subroutine also assigns a priority value to each match
to determine which article it should link to. We also
have a few e orts under development that explore
various ranking techniques by integrating multiple
factors such as domain class, priority, and reputation
of the entries.

Linking. Finally, the linked text array is recombined
with the removed tokens, and returned as a single
text string. This nal string is returned to the calling
user program.

2.2 System Features

Longest phrase match.  NNexus always performs
longest phrase match. For example, if the writer
mentions the phrase \green widget" in their \thinga-
magig" entry, and there is not only a \widget" en-
try, but also a \green widget" entry in the collection,
NNexus links to the \green widget" entry.
Morphology. NNexus also performs some morpho-
logical transformations on concept labels in order to
ensure they can be linked to. The rst, and most im-
portant transformation, has the e ect of invariance
of pluralization. The second invariance is due to pos-
sessiveness. Another morphological invariance con-
cerns international characters. The nal transforma-
tion has the e ect of invariance under indexing style.
When a token is checked in the index NNexus will
ensure that the token is singular and non-possessive.
Link Suppression.  Often automatic reference link-
ing may be a little overzealous. A user may use a
word in a natural language sense (e.g. \even") which
is also the title for an encyclopedia object (e.g. \even
number") due to the ambiguity in natural language
and names of mathematical concepts. For this rea-
son, users can escape certain words and phrases from
being linked by NNexus or override the automatic
linking.



Linking Policy.  Central to expressing linking re- 4  Future Directions

strictions is the linking policy, a set of directives con-

trolling linking based on the subject classi cation sys- Our work in NNexus continues along several threads.
tem within the encyclopedia. NNexus allows authors In addition to improving the policy-based link selec-
to permit or forbid certain classes of articles from tion, we are also exploring reputation systems and
linking into their articles. The linking policy of an  collaborative lItering techniques [L] to address issues
article describes, in terms of subject categories, to Of \competing” entries and di erent needs and pref-
where links may be made or prohibited. For exam- €erences of authors.

p|e, the ||nk|ng p0||cy for an entry on group theory We are also Working towards enabling NNexus to
might simply be that terms in the entry can only be allow the extension of the semantic network across
linked to if the linking object is in the \group theory" ~ multiple domains (e.g., when processing a mathe-
category. Alternatively, an entry on set theory (be- matics article for determining links, the terms and
cause it is so elementary) might allow everyone to link Phrases in the article may link to articles from sites
to the terms it de nes except restrict articles in the such as Planetmath.org, Wikipedia.org, and Math-
image processing category from linking to the term World.com, etc.).

\image" (the word \image" has di erent meanings in

both areas). 5 Conclusion

We have presented the challenges of automati-
. . cally inter-linking a dynamic corpus and introduced

3 Results and Discussion NNexus, a modular system for performing this task.
The achievements of the precursor to the NNexus sys-
tem, the Noosphere automatic linker, can be seen at
PlanetMath.B NNexus will soon be available for gen-
eral use as open source software, and we will con-
tinue pursuing more powerful enhancements to the
link-selection logic.

We performed a mislinking and overlinking study in
June 2006 on the planetmath collection which uses
the basic system features of NNexus (no linking poli-
cies). About 12% of links were mislinks, 7.9% of links
were overlinks, and 61.1% of the mislinks were over-
links. After applying the new linking policies we dis-
covered that a considerable amount of mislinking was References
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