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Abstract. A Web-based document management and retrieval system has been
developed aimed at small communities in specialized domains and based on
free annotation of documents by users. In the proposed approach, the main
search mechanism is based on browsing a concept lattice of Formal Concept
Analysis (FCA) formulated with a set of keywords with which users annotated
the documents. In this paper, we extend our search mechanism by combining
the lattice-based browsing structure with conceptual scales of FCA for
ontological domain attributes. Our experience with a prototype suggests that
conceptual scaling helps users not only to get more specific search results, but
also to search relevant documents by the interrelationship between the
keywords of documents and ontological attributes.
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1 Introduction

Formal Concept Analysis (FCA) was developed by Rudolf Wille in 1982 [17]. FCA is
a theory of data analysis which identifies conceptual structures among data based on
the philosophical understanding of a ‘concept’ as a unit of thought comprising its
extension and intension as a way of modeling a domain. The extension of a concept is
formed by all objects to which the concept applies and the intension consists of all
attributes existing in those objects. This results in a lattice structure, where each node
is specified by a set of objects and the attributes they share. The mathematical
formulae of FCA can be considered as a machine learning algorithm which can
facilitate automatic document clustering. A key difference between FCA techniques
and general clustering algorithms in Information Retrieval is that the mathematical
formulae of FCA produce a concept lattice which provides all possible generalization
and specialization relationships between object sets and attribute sets. This means that
a concept lattice can represent conceptual hierarchies, which are inherent in the data
of a particular domain.
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FCA has been successfully applied to a wide range of applications. A variety of
methods for data analysis and knowledge discovery in databases have also been
proposed based on FCA. A number of researchers have proposed an FCA lattice
structure for document retrieval [2], [10], [14]. Several researchers have also studied
the lattice-based information retrieval with graphically represented lattices for specific
domains such as flight information, e-mail management and real estate advertisements
[4], [5], [7]. Recently, FCA has been also applied to ontology engineering for
structuring and building of ontologies [3], [15].

We also proposed a theoretical framework for a Web-based document management
and retrieval system aimed at small communities in specialized domains based on
FCA [13]. This approach allowed users themselves to freely annotate their
documents. Any relevant documents can be managed by annotating with any terms
the users or authors prefer. A number of annotation support tools were proposed not
only to allow users to find appropriate annotations for their documents but also to be
able to evolve a terminological domain ontology. This resulted in the automatic
generation of a lattice-based browsing system which holds hierarchical inheritance
relationships among the evolved terms (concepts) in the lattice structure. Document
retrieval is based on navigating this lattice structure.

Experiments were conducted in the domain of annotating researchers’ home pages
according to their research interests in the School of Computer Science and
Engineering, University of New South Wales (UNSW). The goal was a system to
assist prospective students and potential collaborators in finding research (i.e., staff
and student home pages) relevant to their interests. Results indicated that the
annotation tools provided a good level of assistance so that documents were easily
organized and a lattice-based browsing structure that evolves in an ad hoc fashion
provided good efficiency in retrieval performance. It was also clear from the results
that there is an advantage in lattice-based browsing over hierarchical browsing. The
findings suggested that the concept lattice of FCA, supported by annotation
techniques was a useful way of supporting the flexible open management of
documents required by individuals, small communities and in specialized domains.

In our approach, the main search mechanism is based on browsing a concept lattice
of FCA formulated with a set of keywords with which users annotated documents.
This concept lattice is reformulated dynamically and incrementally by the addition of
a new document with a set of keywords or by refining the existing keywords of the
documents. The concept structure can fit into a predetermined terminological
ontology used for browsing in information retrieval.

In this paper, we extend our search mechanism by combining the lattice-based
browsing structure with conceptual scales of FCA for ontological information. The
purpose of this is to allow a user to get more specific search results and to reduce the
complexity of the visualization of the browsing structure. The more fundamental
purpose of this is to support a hybrid browsing mechanism by combining a structure
with keywords and a structure with ontological attributes. This is to allow a user to
search relevant documents by the interrelationship between the keywords of
documents and ontological domain attributes. The properties such as author, title and
publication year can be ontological attributes in a domain relevant to papers. The
ideal would be to support both approaches simultaneously because the organization of
background knowledge, not only with the vocabularies in taxonomies but also with
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ontological structures in the form of properties, would be useful for navigating
document. For example, a user may want to find papers which are related to
“knowledge acquisition” at first. Then, the user wants to see recently published papers
only among the search result (i.e., “publication year” = 2005).

This paper is organized as follows. Section 2 gives a brief description of FCA.
Section 3 presents a formal framework of conceptual scaling to combine the lattice-
based browsing structure with conceptual scales of FCA for ontological attributes.
Section 4 describes a system implemented on the Web to demonstrate the value of
conceptual scaling. We then conclude with a discussion of possible future directions
of the research presented in this paper.

2 Formal Concept Analysis

2.1 Basic Notions of Formal Concept Analysis

FCA starts with a formal context which is a binary relation between a set of objects and a
set of attributes. It was defined for the document retrieval system that we proposed in the
paper [13] as follows: A formal context is a triple C = (D, K, I) where D is a set of
documents (objects), K is a set of keywords (attributes) and 7 is a binary relation which
indicates whether k is a keyword of a document d. If k is a keyword of d, it is written dlk
or(d, k) e L

For the domain of research interests used for experiments in the previous work [13] and
used in this paper, a document corresponds to a home page and a set of keywords is a set
of research topics. That is, D is the set of home pages and K is the set of research topics for
a context (D, K, I). However, the word documents and keywords are also used
interchangeably to denote home pages (or simply pages) and research topics (or simply
topics), respectively in this paper.

From the formal context, formal concepts and a concept lattice are formulated. A
formal concept consists of a pair with its extent and intent. The extension of a concept is
formed by all objects to which the concept applies and the intension consists of all
attributes existing in those objects. These generate a conceptual hierarchy for the domain
by finding all possible formal concepts which reflect a certain relationship between
attributes and objects. The resulting subconcept-superconcept relationships between
formal concepts are expressed in a concept lattice which can be seen as a semantic net
providing “hierarchical conceptual clustering of the objects... and a representation of all
implications between the attributes” [18, pp.493]. The implicit and explicit representation
of the data allows a meaningful and comprehensible interpretation of the information. This
lattice is used as the browsing structure. Fig. 1 shows an example of a lattice and a data
structure for organizing documents in the lattice. More detailed formulae and explanations
of FCA can be found in [9], [13].

2.2 Conceptual Scaling

Conceptual scaling has been introduced in order to deal with many-valued attributes [8],
[9]. Usually more than one attribute exists in an application domain and each attribute
may have a range of values so that there is a need to handle many values in a context.
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Fig. 1. An example of a browsing structure. (a) Lattice structure. (b) Indexing of the lattice.

In addition, often there is a need to analyze (or interpret) concepts in regard to
interrelationships between attributes in a domain. This is the main motivation for
conceptual scaling.

For instance, the domain of a “used car market” consists of a number of
attributes such as price, year built, maker, color, transmission and others, and
each attribute with a set of values. Such attributes can be considered all together
in a context named with a many-valued context. Then, when one is interested in
analyzing “used cars” regarding an interrelationship between certain attributes in
the many-valued context, they can combine the attributes of interest into a
concept lattice. This means that each attribute, or a combination of more than one
attribute of the many-valued context, can be transformed into a one-valued
context. The derived one-valued context is called a conceptual scale. Then, if one
is interested in analyzing the interrelationship between attributes, s/he can choose
and combine the conceptual scales which contain the required attributes. This
process is called conceptual scaling. A case for the use of this can be seen with
TOSCANA[11] and [4]. Conceptual scaling is also used with one-valued contexts
in order to reduce the complexity of the visualization [5], [16]. In this case, scales
are applied for grouped vertical slices of a large context.

3 Formal Framework of Conceptual Scaling

There are two ways in which we use conceptual scales. Firstly, ontological
attributes can be used where readily available (e.g., person, academic position,
research group and so on). These correspond to the more structured ontological
properties used systems such as Ontoshare[6] and CREAM[12]. The key point of
our approach is flexible evolving ontological information but there is no problem
with using more fixed information if available. We have included such
information for interest and completeness in conceptual scaling. Secondly, a user
or a system manager can also group a set of keywords used for the annotation of
documents. The groupings are then used for conceptual scaling.

The main difference between our approach and conceptual scaling in
TOSCANA is that in our approach all the existing ontological attributes are
scaled up together in the nested structure. On the other hand, in the TOSCANA
system only one attribute (i.e., a scale) can be combined into the outer structure of
an attribute at a time.



136 M. Kim and P. Compton

3.1 Conceptual Scaling for Ontological Attributes

A many-valued context for ontological attributes is defined as a formal context C = (D, M,
W, I) where D is a set of documents, M a set of attributes, W a set of attribute values. Iis a
ternary relation between D, M and W which indicates that an document d has the attribute
value w for the attribute m. We formulate a concept lattice with a set of documents and
their keywords. This lattice structure is the main browsing space, but is also an outer
structure. Other attributes in a many-valued context are then scaled into a nested structure
of the outer structure at retrieval time.

Table 1 is an example of a many-valued context in the domain of research interests.
Researchers can be the objects of the context as they are the instances of the home pages.
The attributes in the many-valued context can be represented in a partially ordered
hierarchy as shown in Fig. 2. The attribute “position” in Table 1 is located as a subset of
the attribute “person’ in the hierarchy.

Table 1. An example of the many-valued context for the domain of research interests

Research group Sub-group of Al Person Position
Researcher!l |[Artificial intelligence |[Knowledge Acquisition |Academic staff |Professor
Researcher?2 |Computer systems - Research staff ~ |Research associate
Researcher3 [[Networks - Academic staff | Associate professor
Researcher4 |Databases - Academic staff |Senior lecturer
Researcher5 |Software engineering - Research student |Ph.D. student
— School

Biomedical Engineering
Computer Science and Engineering ...
[ Research Groups
— Artificial Intelligence
Machine Learning
Knowledge Systems
Knowledge Acquisgition
Robotics
Bioinformatics
Computer Systems
— Databases
— Networks
L Software Engineering
L Person
— Academic Staff
[ Professor
[ Associate Professor
— Senior Lecturer
— Lecturer
| Associate Lecturer ...
— Research Staff
r— Research Assistant
— Research Associate
L Research Fellow ...
'— Research Student
Ph.D. Student
ME Student ...

Fig. 2. Partially ordered multi-valued attributes for the domain of research interests
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To explain this in a more formal way, the following definition is provided. For
example, the has-value relation R on the attributes “person” and “position” is:
R = {(academic staff, professor), (academic staff, associate professor), ..., (research
staff, research assistant), ..., (research student, Ph.D. student), (research student, ME
student)} from Fig. 2. This hierarchy of the many-valued context with the relation
R is scaled into a nested structure using pop-up and pull-down menus.

Definition 1. Let S, be a super-attribute and S, be a sub-attribute. There is a
binary relation R called the “has-value” relation on S, and S, such that (p, ¢) € R
where p € S, and c € S, if and only if ¢ is a sub-attribute value of p.

Fig. 3 shows examples of inner browsing structures corresponding to concepts of
the outer lattice. A nested structure is constructed dynamically from the extent
(home pages) of a corresponding concept of the outer lattice incorporating the
ontological hierarchy. When a user assigns a set of topics for their page, the page is
also automatically annotated with the values of the attributes in the many-valued
context. A default home page for individual researchers is provided on the School
Web site and as well as every researcher has a login account at the School. We
make use of this login account when a user annotates their home page. This
provides the default home page address of the user.
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Fig. 3. Examples of nested structures corresponding to concepts. This shows the outer structure
of the concepts “artificial intelligence” and “artificial intelligence, machine learning”
constructed from a set of home pages and their topics. Numbers in the lattice and in brackets
indicate the number of pages corresponding to the concept of the lattice and the attribute value,
respectively. The nested structure is presented in a hierarchy deploying all embedded inner
structures. The structure is implemented using pop-up and pull-down menus as shown in Fig. 4.
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Fig. 4. An example of pop-up and pull-down menus for the nested structures of a concept

The page is an HTML file in a standard format including the basic information
about the researcher such as their first name, last name, e-mail address, position and
others. The system parses the HTML file and extracts the values for the pre-defined
attributes. From the attributes and their extracted values, we formulate a nested
structure for a concept of the lattice at retrieval time. Note that the attributes which do
not exist in the default home page can be used for conceptual scaling. The user will
need to provide the values of those attributes when they assign a set of keyword for
their document. For this case, a simple interface to click selection of values or a series
of text boxes to be filled is given to the user.

A user can navigate recursively among the nested attributes observing the
interrelationship between the attributes and the outer structure. By selecting one of the
nested items, the user can moderate the cardinality of the display. Again, the structure
with the most obvious attributes can be partly equivalent to the ontological structure
of the domain and consequently is considered as an ontological browser which is
integrated into the lattice structure with the keywords set.

Fig. 4 shows an example of pop-up and pull-down menus for the nested structure of
the concept “artificial intelligence” in Fig. 3. The menu of O appears when a user clicks
on the concept “artificial intelligence”. Each item of menu (D is equivalent to a scale in
the many-valued context. Suppose that the user selects the attribute Person in menu D,
the system then will display a sub-menu of the attribute as shown in menu @.

3.2 Conceptual Scaling for Grouping Keywords

Conceptual scaling is also applied to group relevant values in the keyword sets used
for the annotation of documents. The groupings are determined as required, and their
scales are derived on the fly when a user’s query is associated with the groupings.
This means that the relevant group name(s) is included into the nested structure
dynamically at run time. Table 2 shows examples of groupings for scales in the one-
valued context for the attribute ‘keyword’. To deal with grouping for scales, the
following definition is provided:

Definition 2. Let a formal context C = (D, K, I) be given. A set G < K is a set of
grouping names (generic terms) of C if and only if for each keyword k € K, either k € G
or there exists some generic term K € G such that & is a sub-term of k. We define S = K
\ G and a relation gen G x S such that (g, s) € gen if and only if s is a sub-term of g.
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Table 2. Examples of grouping for scales in the one-valued context for the attribute ‘keyword’

Grouping (generic) names | The members of the grouping names
RDR FRDR, MCRDR, NRDR, SCRDR

Sisyphus Sisyphus-1, Sisyphus-II, Sisyphus-III, Sisyphus-IV, Sisyphus-V

Knowledge acquisition methodologies, Knowledge acquisition
Knowledge acquisition tools, Incremental knowledge acquisition, Automatic
knowledge acquisition, Web based knowledge acquisition, ...
Concurrent programming, Functional programming,

Logic programming, Object oriented programming, ...
Concurrent languages, Knowledge representaion languages,
Logic languages, Object oriented languages, ...

Deductive databases, Distributed databases, Mobile databases,
Databases Multimedia databases, Object oriented databases, Relational
databases, Spatial databases, Semistructural databases

Computer programming

Programming languages

Then, when a user’s query is gry € G, a sub-formal context C' = (D', K', I') of (D, K,
I) is formulated where K’ ={k € K|k =gqryor (qry, k) € gen} D'={de D13ke K
andd/k} and I'={(d, k) e D’xK' | (d, k) e I} U{(d gry)lde D and gry € K' N
G}. For instance, suppose that there are groupings as shown in Table 2 and a user’s
query “databases”. The query databases € G so that a sub-context C” is constructed
to include a scale of the grouping name databases and build a lattice of C’. The user
can then navigate this lattice of C".

Fig. 5 shows an example of a scale with the grouping name “databases”. The
grouping name is embedded into an item of the nested structure along with other
scales from the many-valued context in the previous section. There are 12 documents
with the concept “Databases” in the lattice, and the node (Databases, 12) embeds the
scales as shown in menu (D. The scale “Databases” was derived from the groupings in
the one-valued context, while other scales (items) were derived from the many-valued
context (i.e., ontological attributes). A user can read that there is one document related
to “deductive databases”, and two documents with “multimedia databases” etc. By
selecting an item of sub-menu @), the user can moderate the retrieved documents
which are only associated with the selected sub-term.

A knowledge engineer/user can set up or change the groupings using a supported
tool (i.e., ontology editor) whenever it is required. When a grouping name with a set
of sub-terms is added, the system gets the set of documents that are associated with at
least one of the sub-terms of the grouping name. Then, the context C is refined to
have a binary relation between the grouping term and the documents related to the
sub-terms of the grouping term. Next, the lattice of C is reformulated when any
change in C is made. If a grouping name is changed, it is replaced with the changed
one in the context C and its lattice.

In the case of removal of a grouping in the hierarchy, no change is made in the
context C. With this mechanism, the outer lattice can always embed a node which can
assemble all documents associated with the sub-terms of a grouping. That is, the.
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Fig. 5. A conceptual scale for the grouping name “databases”

groupings play the role of intermediate nodes in the lattice to scale the relevant values.
Groupings can be formed with more than one level of hierarchy. This means that a sub-
term of a grouping can be a grouping of other sub-terms.

4 Implementation

To examine the value of conceptual scaling, a prototype has been implemented with a
test domain for research topics in the School of Computer Science and Engineering,
UNSW. There are around 150 research staff and students in the School who generally
have homepages indicating their research projects. The aim here was to allow staff
and students to freely annotate their pages so that they would be found appropriately
within the evolving lattice of research topics.

Fig. 6 shows an example of conceptual scaling for ontological attributes. It shows
examples of inner browsing structures corresponding to the concept “Artificial
Intelligence” of the outer lattice. We scale up ontological attributes into an inner nested
structure. The nested structure is constructed dynamically and associated with the
current concept of the outer structure. In other words, the nested attribute values are
extracted from the result pages. A nested pop-up menu appears when the user clicks on
the “nested” icon in the front of the current node. If the user clicks on one of the
attributes items, the results will be changed according to the selection. The user can
navigate recursively among the nested attributes.

For instance, we suppose that the user selects the attributes items Position —
Academic Staff — Professor. The result then will be changed accordingly. The user can
see that there are four researchers whose research topic is “Artificial Intelligence” and
whose position is Professor. Numbers in brackets indicate the number of documents
(i-e., homepages) corresponding to the attribute value.

As well, a knowledge engineer can arrange related terms by accessing a tool which
allows him or her to set up hierarchical grouping related terms under a common name
as described in Section 3.2. Then, when a user’s query is related to the grouping(s), the
grouping name is included into the inner structure on the fly. Fig. 7 shows an example
of conceptual scaling for the grouping “Databases”. Other items (i.e., School,
Research Groups, Position) are derived from the ontological attributes. There are 12
documents with the concept “Databases” in the lattice.
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Fig. 6. An example of conceptual scaling for ontological attributes
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The user can read that there is one document related to “Mobile databases”, two
documents with “Multimedia databases” and so on. By selecting one of the grouping
members, the user can moderate the retrieved documents which are only associated
with the selected sub-term.

5 Discussion and Conclusion

Having completed a prototype implementation of the presented approach, it seems
clear that conceptual scaling facilitates users to get more specific results and to search
relevant documents by the interrelationship between the keywords of documents and
the domain attributes.
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Another purpose of conceptual scaling in our approach was to support a hybrid
browsing mechanism by connecting an outer structure with keyword sets of
documents (terminological ontology) and an inner nested structure with ontological
attributes (ontological structure). The ideal would be to support both approaches
simultaneously because the organization of background knowledge, with the
vocabularies in taxonomies as well as with ontological structures in the form of
properties, would be useful for navigating information.

More fundamentally, conceptual scaling is to deal with multiple Boolean attributes
which hold multiple inheritance relations within a one-valued context of FCA. The
essence of conceptual scaling is to impose on this a single inheritance hierarchy or
equivalently some of the Boolean attributes are reorganized as being mutually
exclusive values of some unnamed attributes. Either way there is recognition that a
group of Boolean attributes are mutually exclusive. In conceptual scaling, one selects
one of the mutually exclusive attributes from a set and a sub-lattice containing these
values is shown. A number of attribute selections can be made at the same time to
give the sub-lattice. Existing attributes can be used as the parent of a group of
mutually exclusive attributes or new names for the grouping can be created.

We had previously carried out user studies on the general usefulness of evolving ad
hoc lattices [13]. A next step is to evaluate the usefulness of our approach to
conceptual scaling and its scalability with large data sets. The user interface for
conceptual scaling also needs to be improved. Users may want to find documents
from ontological attributes first, then scale up their search result with keyword sets
(i.e., the opposite of the current interface) or interchangeably.

Further work would be related to the extension of our approach regarding
ontologies. We have adapted conceptual scaling of FCA to scale up the browsing
structure derived from the keywords of documents with ontological information
where readily available such as person, academic position and research group.
However, ideally we would derive conceptual scales from an existing ontology, which
is imported from standards or constructed for the system. The use of these scales
could be automated if the document was appropriately marked up according to the
ontology. This would give us a system that was flexible and open, but also had the
type of ontological commitment represented by the KA® initiative[l] and
CREAM[12]. It will be interesting to examine the trade-offs in allowing such
requirements to emerge rather than anticipating them and also the relative costs in
marking up documents rather than providing information to a server.

It will be also essential to use one of ontology representation languages such as
RDF, OIL and OWL as standards instead of the proprietary text formats used
currently both for the concept lattice and the ontological attributes.
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