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Abstract

When producing knowledge-based applications, and specifically intelligent help systems, the analysis of all the available and relevant domain information  is a major designers’ task. In this paper we propose the use of Galois lattices and Formal Concept Analysis (FCA) to simplify this domain analysis process. Moreover, domain modeling requires to construct knowledge bases, and usually this process is done “by hand”. Applying FCA we can start modeling the vocabulary used for experts to describe the most important domain features and we obtain the Galois lattice of all domain (formal) concepts used by experts in their descriptions. This way FCA can support designers in their task of data analysis and automatic discovering of knowledge embedded in large amounts of information (e.g. document collections). This approach has been previously exemplified and used in the construction of Aran, an intelligent help system for Unix. Now we are extending FCA applicability as a standalone technique to simplify domain modeling in other domains. 

1.
Introduction

The organization and structuring of domain information is a major task when producing a knowledge-based system, and specifically intelligent help systems (IHS) [1, 15]. Usually, these systems are built around a knowledge base (created and maintained by hand) that represents key concepts of the application domain. In this case gathering expert's domain knowledge identifying what those key concepts are and what their interrelations are is an essential phase in the knowledge base design process [17]. At present the cost required to build such systems for real domains keeps them mostly in the research field and out of the practical realm. Therefore, we need automatizable methods that can supports designers in the extraction and modeling of knowledge embedded in large amounts of information such as document collections. 

This paper describes a formal and well founded approach to the structuring of information that can simplify the domain modeling and construction of knowledge-based systems in general, and of IHS in particular. Our approach is founded on the Galois lattices and on the automation of Formal Concept Analysis (FCA) theory [7, 16]. FCA provides a conceptual tool for the analysis of data (e.g. documentation) and for the formal representation of knowledge. FCA has been successfully used in many data analysis applications, but, to our knowledge, its use in educational or help settings has been very limited. FCA is especially well suited when it is necessary to deal with a big number of entities (or objects) that can be described using a rich set of properties (or attributes). Using FCA we can automatically classify and structure all the information around the “formal concepts” of the domain (also called conceptual classes or categories), which are natural pairs of objects and attributes sets. The idea is that the identification by FCA of the domain formal concepts will ease the manual design of complex knowledge bases and, as a consequence, the representation of domain models in IHS. The FCA approach has been used in the construction of a help tool for the Unix operating system called Aran [2, 5, 6]. Aran is an IHS designed to enable users to carry on with their current task and to expand their knowledge of the operating system.

The rest of the paper is organized as follows. First, we present the basics of the Galois lattices and the FCA theory. Then we give an overview of Aran, the intelligent help system that integrates FCA with other techniques such as a manual knowledge representation. Also, we present different possibilities for using FCA as a tool to assist in the domain analysis. Finally, we discuss the benefits and limitations of our approach. 

2.
Galois Lattices and Formal Concept Analysis Theory

Galois lattices and Formal Concept Analysis (FCA) are a relatively new approach to the mathematics normalization and representation of conceptual knowledge [10,16]. FCA is a theory of concept formation derived from lattice and ordered set theory that provides a theoretical model for the analysis of conceptual hierarchies. FCA can be used as a tool for the data analysis that makes not only their conceptual structure visible and accessible but also that unfolds different views for the interpretation, making it possible to find patterns and regularities [8, 3]. 

We propose the application of FCA in domain analysis as an automatic technique for support experts when modeling large and complex domains. FCA produces a low-cost, rough domain analysis that latter could be refined by the domain expert. An additional scenario where FCA is especially well suited appears in areas of knowledge that need to be analyzed at several levels of detail and from different points of view.

2.1. Formal Concepts and Formal Contexts

Formal concept analysis aims to formulate the philosophical understanding of a concept as a unit of two parts: its extension and its intension (or comprehension) [16]. The extension of a concept covers all the objects (entities or instances) that belong to the concept, while the intension comprises all the attributes (properties or characteristics) shared by all the objects under consideration. The extension and the intension of concepts are connected through a “has” relationship between the objects and the attributes, and clearly are reciprocally dependent. 

A formal context is a mathematical model that relates the domain objects with the set of attributes used to describe those objects [10]. We define a formal context as a triple (O, A, R) where O is a set of objects, A is a set of attributes and R is a binary relation between the sets O and A, R Õ O ¥ A where (o, a) Œ R can be understood as the fact that the object o has the attribute a. In Table 1 we present an example of the formal context corresponding to a subset extracted from the Unix domain. It shows as objects the Unix user commands used to manage the printer and as attributes the set of descriptors that appear in their short descriptions. 


Table 1. Formal context corresponding to the set of commands used to manage the printer. Table (a) shows the commands and their short descriptions and table (b) shows the formal context.

The derivation operators (r : √(A) Æ √(O) and l : √(O) Æ √(A) ), where √(O) and √(A) are the power sets of O and A, are determined as follows.



An attribute subset S of A is called closed if and only if l

SYMBOL 114 \f "Symbol" \s 12r(S) = S ( in the same way a subset X of O is closed if and only if r

SYMBOL 108 \f "Symbol" \s 12l (X) = X). For all subset S of A, the subset r(S) is closed and is called to be generated by S ( in the same way, for all subset X of O, the subset l (X) is closed and is called to be generated by X). When working with FCA we are interested in those subsets of objects and attributes which are closed under the operators r and l. The main reason is that, restricted to these closed sets, r and l are two order reversing one to one operators. The mappings r and l define a Galois connection between √(O) and √(A).  Finally, we can define a formal concept C as a pair (X, S) with X Õ O and S Õ A that satisfies r(S) = X and l(X) = S (X and S are closed). The subsets X and S are called the extension and the intension of C, respectively. 

2.2. Concept Ordering and Galois Lattices

The set of all concepts (X, S) of the context (O, A, R) is denoted by b (O, A, R). This set is naturally ordered by a generalization-specialization relation (subconcept-superconcept) that produces a hierarchy for the context. The most general concepts are at the top of the hierarchy. These concepts have a smaller intension and a larger extension than any of the more specialized concepts below.

A concept (X1, S1) is a superconcept of the concept (X2, S2) if X1   X2 which is equivalent to S1 Õ S2. (X2, S2) is then a subconcept of (X1, S1). Frequently, formal concepts of special interest are those concepts generated by a single attribute or by a single object from the context. These concepts are called attribute concepts and object concepts respectively; they are useful because an object concept represents the smallest concept with this object in its extension while an attribute concept represent the largest concept with this attribute in its intension. In our example, the concept ({“lpr”}, {“printer”, ”job”, ”send”}) is an object concept and it is the most specific concept with the object “lpr” in its extension. On the other hand, the concept ({“lp” }, {“submit”, "printer", "request"}) is the attribute concept corresponding to the attribute “submit”. This attribute concept is the most general concept with the attribute “submit” in its intension. 

The set of all the formal concepts with the generalization-specialization ordering (denoted by b (O, A, R) := (b (O, A, R), £)) is a complete (Galois) lattice in which infimum and supremum can be described as follows.



In general, a complete lattice L is isomorphic to b (O, A, R) if and only if there are mappings 
g : O Æ L and m : A Æ L such that gO is supremum-dense in L (i.e. L = {⁄X | X Õ gO}), mA is infimum-dense in L (i.e. L = {ŸX | X Õ mA}), and (o,a) Œ R ¤ g(o) £ m(a) for all o Œ O and a Œ A. In particular, L @ b (L, L, £) [16].

A concept lattice (a concept hierarchy) can be represented graphically using line (or Hasse) diagrams. These structures are composed of nodes and links. Each node represents a concept with its associated intensional description. The links connecting nodes represent the subconcept-superconcep relation among them. This relation indicates that the parent’s extension is a superset of each child’s intension. A node covers all of the instances covered by the union of its descendents, making the concept hierarchy a subgraph of the partial ordering by generality. More abstract or general nodes occur higher in the hierarchy, whereas more specific ones occur at lower levels. Object concepts are named with the specific object that produces the concept while attribute concepts are labeled with the specific attribute that generates the concept. A diagram contains all the context information; an object has an attribute if and only if there is an upwards leading path from its object concept to this attribute concept (Figure 1 shows the diagram for the Unix example) [18].



Figure 1. Line diagram of the formal concepts obtained from the context presented in Table 1.

3. Aran: FCA Application to Information Indexing and Domain Modeling in the Unix domain

Aran is an IHS for the Unix operating system. The main aims of Aran development were: a) to demonstrate the feasibility of an intelligent assistant for a complex software domain; b) to be a framework for investigating different aspects of the provision of help, user modeling,  information structuration and interface design. A more detailed description of Aran and of our approach to the IHS construction can be found elsewhere [2, 5, 6]. 

The main design goal in Aran is to simplify user access, selection and understanding of the information needed to overcome the user’s current problem, while, at the same time, offering the user the possibility to expand his knowledge of the operating system. Other help systems present only ad hoc information to the user, but Aran reuses the complete documentation that is shipped, in electronic format (manual pages), within the operating system [14]. Aran integrates different “standard” technologies to provide the help facilities, and specifically to index the domain documentation with help purposes. Three types of indexing is done to this documentation: a) knowledge-based indexing, the documents are manually indexed using the concepts  of an expert’s domain model; b) statistical free text indexing, the documents are indexed by terms automatically extracted from the text [13]; c) FCA or attribute indexing, the documents are indexed with a set of descriptors (keywords) [11]. 

The design of the graphical user interface of Aran facilitates access and understanding of domain information supporting three different but related interaction modes. In the browsing mode, menus and mouse-sensitive representations of the expert’s domain model are employed for accessing the domain information and documentation. This direct interaction with the domain model will help the user to acquire a complete and accurate model of the Unix system. The question mode, where the user makes requests for information using free text and obtains a ranked list of relevant documents. The descriptor selection mode, where the user chooses the descriptors incrementally from a list (provided by Aran) obtaining all documents where those descriptors appear (see Figure 2 where the user selects “printer” obtaining the elements presented in context of Table 1). Aran uses the Galois lattice to obtain the list of significative descriptors that can be used to formulate or to refine the user’ query. If the user selects a document using the question mode or the descriptor selection mode and he switches to the browsing mode, the visualization of the domain will be centered in the concepts that index that document.

In Aran we have a complex domain of discourse: in Unix there are around forty basics commands and more than four hundred user's commands. Unix is a complex domain where there is no a general agreement on how to organize all the implied concepts and on how to present them to the learner [1]. Initially, the integration of FCA in Aran was only to provide an alternative way to index and to interact with the domain information. The explicit knowledge representation of the domain key concepts (domain modeling) was done manually, re-using a previous model similar to that of the Sinix Consultant [9], represented in Loom an environment for knowledge representation and reasoning (descendant of the KL-ONE system) [12]. But this was a very simple and limited use of the FCA because this technique can be also used to assist experts in the construction of the domain model. Now, as we are mainly interested in organizing and structuring domain information (and not only its access), we are using Aran framework for investigating FCA applicability  to domain analysis.



Figure 2. Aran FCA-based interface. Commands (documents) that contain the descriptor “printer” and the lists of remaining significative descriptors are shown. The user has previously selected display the manual document of the command “lp”.
4.
Domain Analysis based on FCA

Conceptual modeling is a process of forming and collecting conceptual knowledge about a domain, and documenting the results in the form of a conceptual structure or hierarchy where related concepts are clustered. The process of forming conceptual knowledge relates closely to the organization of knowledge[10]. In this section we will discuss the features that makes FCA an appropriate tool for domain analysis.

As we stated previously, the FCA theory allows extracting automatically all the formal concepts embedded in a specific context. In addition, it does not only show the concepts but it extracts the hierarchical relation among them, clustering those concepts sharing common properties or attributes. Therefore, Galois lattices produce a structural analysis of domains (more precisely of contexts) without reducing the data [18]. Moreover, the Hasse diagram of the lattice unfolds and presents graphically in the plane the inherent conceptual structure of the contained knowledge without loss of information.

The concept lattice provides not only the hierarchical conceptual clustering of the objects of a domain, but it also represents all the implications between attributes [16]. The information about attribute implications can be used with various purposes such as the validation of the domain model, the extraction from data of rules valid for a domain, or the incremental knowledge acquisition from experts to construct an accurate model of the domain. 

Nevertheless, this part of the FCA module is at this time mainly a designer's tool where we use raw conceptual lattices. As previously stated, Unix domain is a complex domain, so we start working with subcontexts generated by attributes that we select as specially important. Human computer interaction depends on the size of the lattice and on the information displayed in the lattice. One small lattice could be displayed entirely (not necessarily as a Hasse or line diagram) and medium-large lattices could be simplified showing only the sublattice corresponding to an attribute. 

4.1. Views of the Domain

The automation of FCA can be used to provide different views of the domain. Galois lattices obtained applying this method are formal structures that depend only on the objects considered and on the attributes used to describe those objects. Therefore, experts can change different parameters such as the number of attributes, the own attributes, and how many different attributes are used to describe one object to obtain different models of the domain. Usually, this process will modify the number of concepts obtained and the depth of the lattice.

In Aran we used the pre-existing documents of the Unix manual included in the system to obtain the Galois lattice of the domain. Normally, these documents have a short description section, with one or two lines, that describes the purpose of the related command [14]. The words used in these descriptions are very significant in the Unix domain (these are the brief descriptions provided by experts) and can be understood by a wide range of users. We have chosen these words, or descriptors, as the attributes, and the commands as the objects of our context. Consequently, in Aran we define a formal context where the objects are the set of commands, the attributes are the set of all descriptors assigned to these commands, and the relation R is the “has” relationship between commands and descriptors.  The set of all descriptors and the descriptors that apply to each Unix command are semi-automatically obtained from the short description of its related document. First, we use a stop list to remove from the description the common words that are insufficiently specific to represent content -i.e. such as the, of, a, etc. Then words with similar meaning, like plurals or -ing forms, are manually reduced to a single term. This can be regarded as a semi-automatic indexing stage needed to be done initially and once the document collection has changed. For example, the command "nroff" short description is "format documents for display or line-printer" and its assigned descriptors are: "format", "document" , "display", “line” and "printer" (See Table 1). This approach is general, domain independent, and can be easily extended to other document collections that do not have a short description.

Also it is necessary to notice that FCA permits a more labored analysis of the domain taking into account the relationships between the attributes, that is, including expert’ information, and not only considering those attributes as simple and independent characteristics [4]. For example, we could include in the analysis of the domain the experts' perception that the attributes "send" and "submit" are specific instances of a more general action that is "transfer". This will produce an automatic organization of the information while taking into account the background information provided by the domain experts.



Figure 3. New line diagram of the formal concepts obtained from the context presented in Table 1 using experts’ perception that attributes “send” and “submit” are specific instances of “transfer”.

4.2. Checking and Incremental Construction of the Domain Model

The formal context usually represents a rough analysis of the domain, obtained automatically, and it not always produces an accurate domain model. But as the concept lattice contains all the relations and implications between the attributes of the formal context, this feature can be exploited by experts as a way to check and refine the initial domain analysis improving the final domain model.

We define an attribute implication (P ﬁ C) for a context (O, A, R) as two subsets P and C of the attribute set A. The set P is called the premise while the set C is called the conclusion. An implication P ﬁ C is valid for a context (O, A, R) if the following is true for every object o belonging to O: If every attribute from the premise P applies to the object o, then every attribute from the conclusion applies to o. This is equivalent to C being a subset of l
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Thus, for example in the context presented in Table 1 we obtain “job” ﬁ “printer” and “remove” ﬁ “printer” “queue” “job” as valid implications (See Table 2). These implications are not valid in general in the Unix domain because we also use the term “job” to refer to a process to be executed at a later time, and we use the action “remove” with other objects in Unix such as “files” or “directories”. On one hand, an expert can use the implications to detect the incoherences and limitations of the domain/context model, or to automatically obtain valid rules for the present context (only for the context because these rules extracted from the context data could not be valid for the whole domain). On the other hand, implications can use be used to incrementally construct an accurate model of the domain by attribute exploration that is a procedure for determining a typical set of objects for the domain [16]. Attribute exploration consist on proposing the implications obtained to a domain expert and he can either accept as true or he has to refute providing a counterexample (i.e. giving a new object described by attributes that do not follow the implication). That way the expert can refute the implication of “remove” providing the object “rm” described by “remove” “directory” “entry”.
Premise
Conclusion

display
printer

job
printer

remove
printer, queue, job

queue
printer, job

format
display, documents

send, job
printer

display, job
printer, queue

Table 2. Some attribute implications obtained from the formal context presented in Table 1.

4.3 Conceptual Scaling

In many situations the data about a domain are complex and it is not obvious how to apply FCA to analyze or structure domain information. For example, there are domains where objects are described by complex attributes that can have many values, and where even the values of some attributes are unknown. With the help of an expert and through an interpretation process called conceptual scaling a complex description can be transformed into a suitable formal context. In the interpretation process these complex attributes are considered as objects that are again described by new attributes, the so-called scale attributes. This transformation is not unique allowing different interpretations and views of the domain data. For example, this allows the visualization of the domain information with different levels of detail or granularity be means of nested line diagrams. Using those diagrams it is possible to begin doing a rough analysis of the data and then to focus on some interesting parts to produce a very fine presentation [18].

5.
Discussion

The major contribution of this work is the construction of more robust intelligent assistants by means of integrating in them different approaches of information indexing and domain modeling to provide the help facilities. Explicit domain knowledge representation is complemented with formal concept analysis to simplify information access and to enrich the conceptual network providing an alternative organization of the information. Most of the domain analysis techniques aim to drastically reduce the complexity of the information available to obtain a few “significant characteristics”. For example, in our case, the Loom taxonomy of actions used to classify commands is obtained by considering two criteria: the theme and the similarity of effect of the commands. By contrast, a concept lattice obtained by FCA does not need to reduce complexity since it contains all the details of the data represented by the formal context. 

Thus, we can summarize the main benefits of incorporating FCA to the design and construction of intelligent assistants as follows: a) FCA provides a framework in which we can automatically build a conceptual network which organizes all domain objects taking into account all its attributes or characteristics; b) FCA can be applied to wider domains at a reasonable cost; and c) FCA provides a formal, well founded and easy-to-use approach that can improve the interaction between user and system. Nevertheless, this approach also has some limitations. Even if the information indexing and retrieval scales up well, the graphical presentation of the lattices is more difficult for complex domains. The FCA conceptual hierarchy usually have no relevant or nonsense concepts that should be discarded by a domain expert. Also, the number of implications obtained can be cumbersome. FCA should be understood as a first step method able to create a first organization of the domain that considerably reduces the efforts and costs of developing the structure of a domain from scratch.
The next steps of this research will be to produce general applications that expand the applicability of FCA as a tool to organize the information handled by other help or educational software. Also, to create standalone FCA applications with an appropriate interface to be used as a tool to simplify domain analysis and to assess hierarchies constructed using different approaches.
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